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ABSTRACT

Stroke is the primary of death and the leading cause of permanent disability
in adults. There are many stroke survivors, who live with a variety of levels of disability and
always need rehabilitation activities of daily living. Several studies have reported that usage
of rehabilitation robotic devices shows the better improvement outcomes in upper-limb stroke
patients than the conventional therapy - nurses or therapists actively help patients with
exercise-based rehabilitation. This research focuses on the development of an autonomous
robotic trainer designed to guide a stroke patient through an upper-limb rehabilitation task.
The robotic device was designed and developed to automate the reaching exercise as
mentioned. The designed robotic system is made up of a four-wheel omni-directional mobile
robot, an ATI Gamma multi-axis force/torque sensor used to measure contact force and a
microcontroller real-time operating system. Proportional plus Integral control was adapted to
control the overall performance and stability of the autonomous assistive robot. External force
control was successfully implemented to establish the behavioral control strategy for the robot
force and velocity control scheme.

In summary, the gain tuning for proportional integral (PI) velocity control
algorithms was suitably estimated using the Ziegler-Nichols method in which the optimized
proportional and integral gains are 2.75 and 0.10 respectively. Additionally, the PI external
force control gains were experimentally tuned using the trial and error method based on a set
of circular tracking experiments which allow a human participant to move the robot along a
desired circular path whilst attempting to minimize the tracking error. The outstanding
performance of the tests as specified by the E_RMS of the robot’s tracking error was observed
with proportional and integral gains of K, = 0.7 and K; = 1.00 respectively. The
experimental results also show that the new design of an autonomous assistive robot for upper
limb rehabilitation can be used to supplement or facilitate rehabilitation by assisting in the
repetitively active and passive therapy. This has been gaining traction in the rehabilitation

field as technology advances. To evaluate the feasibility and efficacy of robot-assisted hand
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rehabilitation in improving arm function abilities, the exercise-based rehabilitation
experiments for hand flexion/extension, shoulder flexion/extension and elbow
flexion/extension have been carried out to investigate the muscle strength of the human’s
hand by analysing its EMG signals (measured by the MYO arm band). The EMG signals can

be subsequently used for further investigation by a doctor.
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wasatdaadnes Sntudaainladananmsuazivauaiiiedssasdiuiany losas
nanimgenineddesnunuise e lvienunlawaswannassmaihvang

v L= v cgl’ ::'c{ v Y 1 o w

anunlalsavasaidananas nanianfinadagihe wasyinanmsasniaime sauld
feanudnlaszuudusud MIANNANITTUUEN 9 MMIMUANLSILazaNNTY Msiuly
< @ o ' Y ' @ ' s v PR
1389ANUaBAABYIN SN UPINAUITUIN NYsduasuaud a1 ledusuddien

O lUNANVIIZEN
2.1 lsAviaantdananag

T5avaantdandnad (Stroke) Wunzhanasnadaallides a1nsmn
¥ X 5 v % & P M YA 2
Tunih hniden walige wau a0 eledrmiiessuussedaulmlildvianaaulm
sunaeanuinule § 2 Ussananuaneaciiie s (1) 1savsandandNasdunsany
. v a d'd c: c: L4 <~ 1
(Ischemic stroke) WU3B8@z 70-75 LARNNAIENANSIUsULUNNNINTaDALED0 LT
% < & o L% = o L4 C% & = = ] =
ludiuuasindadaameinisvasadanh liniiasadaannuazdaanuiiovguy vie
anaiennandannniay 1 ilviinsdurisaaduzesasaden (JUN 2-1a) uas (2)
T5A1aanLdanaNaIuan (Hemorrhagic stroke) WUSBEAY 25-30 WUTBHUANAINTULIY
NN (5UN 2-1b) [19]
nnmsanwgihalinvasadananasailnginidymneanssousay
1 [ I d‘ A} ] ] =
o9 lihazidunmsedaulm msnas mas msye mswedaulmdluajszgaydans
MIUANYBILIY nazfiaxmsinIwasnmutiiaianan q fidesmsudmsiuwagiana an
= a v v 24’ 04 v d' k4 &’ = . .
nMsAnHNUIENANLLBNANEN 9 NN IWUNAD Triceps was Infraspinatus lognNI3
Wuyuaztaduad9nnuuienswaanauiiada Triceps azvi linaIntiia Biceps 813150
H0130MAAIABINITINGWBINAINEE daunaI1nLilaN® Infraspinatus A2y Id 1508

LAUDDNNNINEIA LANINAY
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\ N ! agi @
\ Kehsic Stoke { . Hemorrhagic Stoke

A / Weakned/diseased
’( N ' 3 Blood vessels ruoture

Blood clot stops the
l Blood leaks in to brain

flow of blood to an .
tissue

are of the brain

(2) lsaviaanidandnasfiu (b) TsaviaanldanduaILan
g‘dﬁ 2-1 UsztnnuadlsAvianntdanaNad [19]

2.2 IngNAanInIsLAAU IKBITIeNE

Cooper L8z Glasgow [20] N81271 Kinesiology ¥1210&§09A15I0NU @D
“Olgy” nanede IngmiannuinluiIneans (Science) AUMI “Kinesi® wanads
2 . o o ° v o a ¢ ¢ %
mM3eaaulm (Motion) Fudumsihanuiinsnumeimamansuaznamansanly
Izimsedaulmrememeinanmans et lidnlanmsiedaulmizesiiene
Weduanamgle sduuunazanwazmsedsulmivuule Wudu nsiedauluives
' a o v A Ao P v A o 9 ¥ a 2
sumaiennmannueasnduiiaifnszgndhmhiiduay mlddemsiedaulm
soUTBABUY 9 THMEFIINTOUUITTIIULALUAUMSLATDU I (Plane and Axis) panillu
3 %iia A
2.2.1 Sagittal Plane kD) Anteroposterior Plane fo seuvlunulfevse
& o ] v ' [~ v v 4 A o a
wALNaIEITmMesanumudauazaiuen (UM 2-2a) maedaulmniny
Téun
. < & v o VoA v v
® M3538 (Flexion) Humsiedaulmesdannmunissuduliausete

i TasvhIviauseninaiyseiameuaus

= . I & a | v v [
® mswidien (Extension) {Wumsiadaulmluiamenasenuinununsee

Togdumstadaulminiiayuszuingnzasseame



16

2.2.2 Frontal Plane %38 Lateral Plane A8 5241UNAIINA Sagittal Plane
[ < 4 % v [ i 4 ~ 4 1
ULaZUUNTNME N UMUNIULBE AU (EU‘VI 2-2b) msmaaulmwwulmm

® 115019 (Abduction) tJunistadauluizasemassuivinehasnying
PAFUNINDNYBITNMNE

® 115%U (Adduction) tdumstedaulmainzasinmeniasenuinunu

L7

msnean eadunsiedaulmlussunumemuienaududidunanarseessiame

u

[
[ [

2.2.3 Horizontal Plane %58 Transverse Plane @#a521UNAINANULALE
o Y 1 1 [~ 1 1 U .:: nﬂ' d' v U
29991617 Taguiesmesanidudinunuazadnan (5Un 2-2¢) mswedaulmnnulaun

® mMsuyu (Rotation) Wumstadaulmiiieduludiuvesdsss aa 160
v 1 k4 < k4
Jalvawardaaslnn Wudu
® NISVIUUALNITAI (Supination and Pronation) Wunisasurenis
d‘ 1 =l sl G ('7 =)
sy lreawudiulane Aemsrneilavsamsahiia

® NISHULAENITN dlunuiveu (Horizontal Adduction and Horizontal
Abduction) Mstedaulmludnuasilasiiazuids lvauazdadsInn acdavauauwaza LA
agluszinunay NnUuMIRUaziuns LAiUEIUYBIIUYT DTN INEI67 NS

< & = o W
WUNSLAIDULIUYIDLIBANINNANAINT

Sagittal plane Frntal plane Horizontal plane
(a) Sagittal Plane (b) Frontal Plane (¢) Horizontal Plane

3UN 2-2 uaassnumsiedaulm [20]
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o [d 2{’ v ‘g‘/ 1 Y =~ v
dnSumsiunndadieludrnusuzesgihalsanaaadananat awhad
Wunndniile Triceps Mamsligihaaanusenarniialosniseatazmdsndiuyausy
1 ‘gl’ v ‘gl’ . Y v v ‘g‘/ 1
dumsHunnaile Infraspinatus {ihgazdesaanusanmniiialoansnuaziudiuyes
way saumsaanmasmadmiugihalsavasaidananaazldmsiadaulmuunszunu
. & & Ao v A v ~
Horizontal Plane umstadaulmngdudeounusznaulidinmste mswmdea nsneean
[ v
wazmInu uau

2.3 ‘viusmﬁf

AnuINEUELE (Robot) Aai3asinanavitadussiugiignadstiuasi
faguszaed [21] Taemlugusudifussuuilsznaudanalouarluih vusudaiad
aaantadaladanivdonmetanndnunszsaluil

o (Hudiignussaugau

® HNDSUSFUNNAANTAUMNULATADUFUILA

Y

o gnsodalaszaunilnsasmnsoaadulaldnndayadwiedannse
namImuguusannlusunsniiaall

o 4 @ 4 o
® Mmimaaulmdluaﬂwmmaaumamg]u

]
[

® FIN50LAFAUN LANANANIIVIUA

J

® gnaiTuaENNIngUIEaNA

szuuugudnanInsonnuld Usznaudeaiuee g asil
4 . I [} o A [
2.3.1 1598519 (Manipulator) tdudrudsenauvanndrAedssuy
' P v o P ' | v v o A v o1 ¢ o [P
Wueud lassadralsesuaisusnnmenindssnaudnmenuivalidueudiiaula &
! A a v A a g . 4 ' . v & A Y v [ <
Fulsznaunzend ununIaaed (Link) 2068 (Joint) WazdIUdY 9 NOaNen ULy
Tassadawasueud
2.3.2 fvhnudulars (End effector) udiuimaumnioguszad
v [ 1 S (n}n & Vol 4 ] S v ]
mslanuvanaasueud Wuglnsaindaatagniaegauailassadniuaud Iwihn wu
a v d‘ G g ] < v
HEUAU Wan vIaUsznauduaIu tueu
2.3.3 12711974 (Actuator) H¥UINVaNIUNISUNAUNISLADDUNY B
v v o = <~ Vv &l Y o Y | ] 4 1 o
Tassadjueudil3auaiioundanila dvhaunldlussuuanng laun sawaswash

o o =S =S a [~ v
NaLnas awlilas nszuantiw@n nszuanlansadn Wuay
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2.3.4 wWLEDS (Sensor) 1Bn5IvTndayaanIzuausud niansiadau
dAMsraNdIINaaN WU svihNemenussuulssamauiauaayee lunsniuan
mshnuresjusudnludemanuihlasgeesiusudagidumisloniafian o

L4

M9l ruresidanvedludriueudazdidayavandiunislaseaies

v
S v o

Wueud laun duniteasdadauazaed uanuwtiaannil ssimsfiaassumasviagunsol
AA¥dYU 7 N1FlUNTITINIAFTNINYBIFILINN BN LHU TTUUNITNBININ LBULTDSIN
guugil uesIamaduis Wudu

v ”

2.3.5 §2uAIUAN (Controller) LT UdIUNFINITNIUBBIYUBUE 2291
wihfisudayannasuiunasiiadedumsiadeulmzesdirinu msmnuadiuni

]
N Y

INSAFUNNNTaYaNEINaUININEULES Mgy Tunsaindasmslijuaudau
Vv n' v o ] c: [} YV 1 ] ' 4 d' t:: <
ihedwasludhumisnaglnasanl dadevaswauvueudazdaundauniiuszezna 1
a3 wndadadaadaunlifeszasimvuall drumuguazdinsliairihnuiedaud
AUDITLHEM NN AU

2.3.6 duUszunana (Processor) HHTNNlUMIAUINNDINAITEEENIS
wazenuHlumsiedaufivasians 9 dwwaldmuniitazenuasmsuuiusud
& o < ' - a P ' o v o o
Wulumunmviue Teem ludulssunanafananiitgmas wasminNmmsmuIuuas
Uszanananiy SauihaiumuanuazdIuyszianaefna9agaa N uuauim
AU

2.3.7 BaNAUIS (Software) F1aN50AAULIMNBTNNMITHOUTUsTUUYDY
Wusudlaluy 3 ngu a9l (1) szuudfUdnis (Operating system) 2o9AaNRILADS

[ i I3 o v c: o ::5 c:‘il 1 1 c:
(2) TUsunsuvanzasjueudasriminnduimmsiedauiidadadie g naun1s
fi’muﬂm'imﬁauﬁwawjuﬂuﬁ ﬂ'as&awé’wwnmiﬁwmm%gndﬂﬂﬁ'&daumuqmialﬂ o
(3) Waunsndaavialisunsntssand nWanndmsunisinuessaUnsaliitasnae
gfv K3 v I's Ll < a' v = 3 v % Agll
avagnuiueud wu ssuumsvewiy Tusunsunlfluduesudioauammszaunugiuees

amvusuaay auludimumaugesuiuiusudanslva

Y 4
2.4 adaLmas"'lwwmisuamqu,a::msmuquuamai

wataaslnilinszuanse (DC motor) tYugunsaififisnldaruqa

LA3BNANINAEN ] TunugaannIINaENUNI I Nawmas lvhnssuanseiiarutsenau

]
o

[ 4 U < < 4 = v v P (KX ] S a & " o
an 1ﬂLLﬂ (1) doeas L‘lJ‘L!IﬂSQﬂ'i'Nﬂ'iBG)’JﬂQ?JBQNBLG]E]'S‘V]E]EIﬂU‘V] HUHLVDINAANBDEND

U

v A v ] < < v 4 A = [ ]
WUINFINFUINUNLYAN e (2) Tswnas Lﬂuﬁ'luiﬂ‘Nﬂ‘ﬂﬁ‘YlNﬂW‘i‘WHu NUORIONUBEYIDY

TA5921501128% (Armature) Ti6DagAULNUYBAUNWAIZY (Shaft) nszudlWihiiluachupag
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wmam%gﬂLﬂﬁauﬁﬂiﬂﬂmﬁ’ﬂﬂauﬂamea‘i (Commutator) wazUs991u (Brush)
[22,23] oa3UN 2-3

Laminated

armature Fixed

tield

Armature

connections
R

;l’“ﬂ
S
< /
3 - ~ g (
; v (+ Armature
5 . Permanent - Circuit
rame Magnet stato

Drive Brushes and
shatt Commutator  prush holder Rotor

Uil 2-3 wawasnssuanauazudenlaazunsn [23]

4 4

usaliozaanatans T Mmluniiedu ansodisuluglresanudunus
SePNensEud § wazAasiuseda K, loneaumsh (2.1)

T = iK, (2.1)
v v S o a X 4 v < =
ﬂ']‘Vi']ﬂﬂu']NLLNL‘Viaﬂ‘VlLﬂﬂ"ZluluﬂJaLGIE’]'iN'H]']ﬂLLNL‘Viﬂﬂﬂ'mi LINUMYBDN

waLnas T, Niieduaslludadiulasnseanunandudindn (Magnetic flux) @y WaATEUE
d' v s v d‘
NnamuzaaInvaalsinns i o, MIENMTN (2.2)

TM = Kt (Z)B irotor (2-2)
o (4 1 < 1 [ 4 v [~ IS a o & A =< o
FIVITUUNLKENDIIT AIWINFUNLYEENALHAIAIN A9UY LI UAIN
anudnnuslasasanunszuad lvaluzaaanlseas mndasmsmuanusdaaunsam
v v < o Jd a o o
Iﬁiﬂﬂmsmuqunsma LLGWi"Iﬂau’]NLLNL‘Viaﬂ‘VlaL(ﬂL(ﬂaﬁtﬂ(ﬂ‘\]”lﬂﬂ"liL%HEl'JU"l‘Yl"NlWﬁ"l

U AUDINALABSALHANNFTNNUS Laaa NN UNSZULaN S asuasnszuavienhnaanas

istator 91
Ty = K; (Kf Istator) brotor (2.3)

Wia Ky \ludasiivasndndindienh
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waLmasnszuaaseinshnunlifisunidivgeiuiuey ssuvauau

wawasnszuansduluuuunseule dmundseainaniaanudianiveazgnilaunay

9 9

1
o ¥

liBaudisunudunasdaialilanamsmnauiidesms Janminziazdanldlums
1 Al =2 [ va o (% ‘g v ‘311 ] [~ 4
MmuaNzaIusuddigilnaalulddmsumsiunndraiiauau adilsimunaiaas
nszudaselufiazdasgnaruandmaiuniauazanud) Jaiimsdnwinaiiaee g ild
Tumsemugueanuiuazfianwenainas [24] 6ail

2.4.1 mﬁ?muqummL%’Jé'm‘%%msua@La%"umqmmn*ﬁwwaqﬁ’aﬁ (Pulse
width modulation: PWM) azflumsuSuilaeuiidadiuuazemunwesdyanaiad Tog
anutasduananddazliinsuasuwamiadiumswasuulasiienaasiiilada
(Duty cycle) G'z’!N@hﬂmafsélmﬁaﬁmhqmmﬂ‘ﬁwwmﬁaéﬁﬁamuzaaﬁﬂgq leaRndndiu
HuesiFudnnemunessiadnamun andathady grmni ledaiidvhiu
50% Avanedalu 1 gﬂﬁ@mwmﬁaﬁazﬁﬁamaqﬁcytywmﬁﬂuamuzaaﬁnqqagiﬂ%'zwfimaz

a o 1t & & o A o o o Ve X a o
aﬂ’]u’daaﬁ]ﬂm’]agaﬂﬂquUQﬂQEUW 2-4 LLa’d&Lu‘VﬂanLﬂﬂ')ﬂu'ﬁ’]ﬂﬂﬂlﬂ')ﬂvl?ﬂﬂallﬂ’]lnﬂ

o g

WgANNNANNNITasndan lugaruzaaingeaziianunhanniu @rddlnda

315998 LANNAANNFNNUS f9aumMsh (2.4)

Fpasdaanunad

MM laha = ( = - )X 100% (2.4)
MUNNNVNAYDIFUIN

< < g [ [ [ a’d‘ 1
Toam lUanui517a980ta 03 INAINTLENTNATAUN VAN NANAN TN
Tinunawmas 3Bmsuagazumeanunie mﬁaﬁaﬂﬂumsmuqummL%)ﬂawamai’

Twihnszuaasemalulasaaulnsaaas

Taad 1 muna 2 MU
e o
15 A @A A = 509

#laididanm

seduaatings " i nAa = 250
| =| =‘

i liia = 100%

+5

sEAUaRING

dnaindynm
[ 0

Amdlinaa = 0%

+5
1 Mudeyg o

0 LI

U 2-4 uaeaNNA MBI ) LATAAIA L ARUBITNNAFNNANND AN [24]
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2.4.2 MIMUANNANNYBINBLADIMLNITLATUTAT NstUdauiaAYes
nszudlagmsaruguainlulasaaulnsatass dingussavdinailasuniansvaueg
s % o v o s ~ a o
waLead Jansarhlalessidyanaainlulasasulnsamasasumnaies 2 o lUds
193L%U30Y (H-bridge circuit) tiamdyana 2 Tasdundies wWasuannamllgawse
v @ a P v g = 14 v & v v
naunu Hamezaenssuai lvacuseieasasildsululoslidasaauriuasunasiraluih

]
Pl

NNFUN 2-5 1D SW1 uaz SW4 lasudmanmags nszudazlnann A Tds B il

v

SW2 uar SW3 lasudmanaegs nssuaazlnann B LU A mswlaeufiauanssuaiill

walvilseasvauluiian e sy

Forward |Reverse
High |Low — Swi Sw2

VERY:
N
Low |[High SW3 Sw4

L

sui 2-5 NITBBUIATNNTUMUANTANNM TN UYDINDLADS [24]

v 1o ] <
2.5 MNIAMANILKEUILLASAIINLID

2.5.1 ¥1035809158U (Tachometer) [25] tYuaunsalinanasiluns
45 a' u ] [ [ < d‘ % [ I~

wasunzenIng duluazdssgndlalunmsinanuiisevreaniasinina liiazduy
v < ¢ 4 a [l o d =]
Wanae ANNEIEaINama3 Wuau lesdndazuaanasd luglzasinnusaudamni
(Revolutions per minute: RPM) #105905150UNWAELUUAUNURSNMTINNIYU (IDE LT
NAINANNMIINNUBBILATILI TN Fauwasnunaunssnului Taaanuais
Andfisenaninusiunssnuanududeyniie viasdevanmsasiudyanuwading
msdqaanmtﬁaﬁm‘smgummaﬂuﬁnnamﬁq YIDDVALNANASHSNDUYDILES NIAT

sanspURMuuusuRauas lNds Asgui 2-6
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3UM 2-6 msldnuanassanseuluanumzdingg [25]

2.5.2 35S (Bncoder) [23,26] azwaausmumislugranaau q Tog
Tveduaudioanuuuding é’atﬁ'wsﬁaﬁdauﬂisﬂamﬂumuw%mmmﬁﬁﬁaﬁgﬂ
sanuuulvisnwarTuswariudutanandu 9 gaunu vseaalludnsaasounazly
srvauasuiuAle demdlausssnnueadd (LED) fighunilslsasuassuanuvsa
wauhswalusad ndhuniisiisisrunaalssanTnlansudanad (Phototransistor) fnna
ag mnnudhsaagludhumisiiuaesainsadasuld dr¥uuasiidhunseinufagliie
doyanmgs (vIeaa) 51a1uLﬁWiﬁawquagi1udwLmﬁqﬁumdmmumw PULEDSAITU
wsaslieduanmm (vialle) duanaieaaiuduanadin La'il"amulil'ﬁﬁaéwqu
é’muf,mm%gﬂdqaaﬂlfﬂu%’hmwim‘f’lmmnﬁfué’mutmmﬁdmaanm Asnunsommeuna
L%qyuﬁawuwgulﬂlﬁ

MtnsiawUeandy 2 Ussnn emuvanmsynau #a (1) MEnsiauy
WUnSIiNWE 0P UAT LN UGS (Incremental encoder) wat (2) G awuuaNYIal
(Absolute encoder) lugauiiaznanas dadhswawvutiumsifiaiinuinn da dashsa
LUUAIBLASLARS (Quadrature encoder) fshsiaussniihanulegendausnnusadd
9 UM UTTHEUEUIIMN (Mask) dauﬁ%mﬂﬂswuﬁ'uqﬂ%’uum (Photodetector

assembly) ﬁ’ﬁgﬂﬁ 2-7

LED lamp Mask
Channel A

\ Channel B
==
Channel Z
j s

Photodetector

assembly

Transparent code disk

Encoder shatt Opaque graduations

Ui 2-7 nanmsvhnuzeasiihsiauuuamaesaed (23]
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AaaY

anmavaanagdlusUuWadnisesesdyan Aa A uas B uaunad

nlgnnudazdasdyanaunnuiinudeaeesnudsiainyull uasnvusdyas A

waz B azfivlaenenuag 90 avmuazila A = tWa B + 90 896N NIfiNBLABSIAUMNLIN
WM wazild A = (il B - 90 aeen nsdinatmasuyumudnim lasdyanadfisanin

H21a 0-5 1ad awgun 2-8

A-phase
[CA]
B-phase i I I
[CA]
tyo “« re >
- »> - >

ti t9

Pulse width: t; > 1.25 ps Edge interval: t;; > 1.25 ps

Pulse cycle: t; = 2.5 ps

Ui 2-8 dryane Pulse LUUWEGNNNYL 90 BIAN [26]

Fyanas A uaz B gnlfiemynunuraswanas Tasnaimasiiansne
64:1 UaseLININANANNGLBEN 12 WAaAENIIUNY 1 58U (Pulse per revolution) ¥ l¥
NBLABIVNY 1 59U SNFYaNMBDNN 768 WA HiAnemIuyuresduldamasanse
asyadaulennduanunddueand A uaziwd B iuvxlalmﬁm%uﬁauawah e A
iAesunaue B Wumanyumadinnwnluneseiuing e B Hegunaud A

<) < a
%mumiwqumumuumm

2.6 WWULAINTINIAWTY ATI Gamma multi-Axis Force/Torque Sensor

ATI Gamma multi-axis force/torque sensor [27] UL UES0522V A9
wozusato 6 un tianTuusIfniusTEriyEdTuh ulmesasuaud ssuu
WWULEasUIENaUAIY ALTULTDS ATI F/T gamma ma‘ﬁjmmu‘ﬁﬂaqﬁ'ué’iyiywmsumu
WacgaMIUAN Stand-alone ATI controller GTQ;J“IJ‘I?; 2-9 L‘ﬁut‘lfﬂ%ﬁﬁﬁﬁﬂ’nuuﬁ%ﬂ%ﬁ
(Stiffness) gaUAZEINITANTINIALG 6 AtiuEe MuaIse Fy, F,, F, warAaeusIdans 3
wnulaun 7., 7y, T, losfinisldaunsolulasdayanauuy Monolithic §%419289n1570
Force/Torque §4g0d4 + 130 s fianuanuaziden 0.1 fdu uas + 10 ddu-1uas
fienweziden 0.0025 TGu-1wAs MEIRU
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ATI controller ¥ MINTiLUasd ey AN UM UM UNIMNAT AN Strain
URS a s . v A v o

cauge M luznazasusauazussiinlumsndeu (Cartesian) logldnanlaanmsmuin
4 a J [ =~ . . . o A L4 v v v o
a8LNINENsUSuLiiay (Calibration matrix) @3 vaxiidugunssiuvasiralvnu
MLBUTRSUAZENNINTAFTDYI TR IHIUNN Output port 1uFULUUUBI Analog port 38
Parallel port %38 Serial port ﬁ*ﬁ'mé’munﬁm Analog 12 -bit IAERR Ltﬂaqﬁmumuwm Digital
(ADC) lHiNamusunadyanaanumumunlaan Strain gauge Aaufiazaeludening
Uszanana lagen ATI CPU litiieavnnsussananamasuazminmunaansaiulvg ua

1
R I |

Wudasagaumusuazusadoniivdesnaniale

AC er entry socket
power entry socke \ Controller
\ ~
. ;
| ‘ & \

Legacy analog
output

RS-232
Communication =—

Analog output

Transducer cable

(a) 92UUY®Y ATI Gamma multi-axis force/torque sensor

Memory FT
RAM: . . .
(Noz-volatile) Controller
Calibration Matrix - —
= Low-noise silicon gage bridge Manr_::::r :znd.lzri.on_'. Gpnx_mal
Fie. Analog ¥
ROM: card
Software
[Brdge | Storage Optional
Parallel |—|
d &
Low-Pass I car ]
Filter Drives E
- & . [=]
Multiplexer Main CFU Senal IO —
f
Dhscrete I N
. »| 12-bit ADC 0
Transducer Tranzducer o
cable

(b) WNUNMWYBY ATI force/torque sensor system stand-alone controller

Eﬂ‘ﬁ 2-9 5UUY ATI Gamma multi-axis force/torque sensor LLazLLNuﬂWWﬂaﬁqﬂﬂiﬂI [27]
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2.7 Banm3 Force/position control Wiaanu

Force/position real-time control Liundnnisaiuguitugiuiidrdnaas
WusudrefindaludddmdumsiuwnduiiodiuuauluTuue Active assist therapy uas
Passive assist therapy IﬂEI‘SSU‘Uﬂ’J‘UQNLLU‘U Robot force/position control Lfﬂumsmuqumi
indauiinasiusudaudainsdisusinauaniinaziignasaindis Force/Torque
sensor MNNUITE Dombre wae Khalil [28] Amsuaasliifiuisanasiuuseiilalums
MUANLBLE LR

NUIT8UDY Alexander Winkler uaz Jozef Suchy [29] laaiuradanannis
AIUAN Implicit Force Control dhwushunislumsmuanvueud Wumsaanuuudanad
flumamuauaisherausuiiamuauiunissjusud Giguil 2-10 dwmiumsld
aumludussitldliwiueu Seiimaiannsanadiiumamuauusslumsauaueumie

YDIUBUG G9gUN 2-11

Fq Force U X Env, F
»  Robot > >
Controller FTS
Uil 2-10 udanlaszunsn Force control
Xy
Force  |AXa Position U X Env. F
— ——- Robot -
Controller Controller FTS

gﬂﬁ 2-11 vdanlaazunsy Implicit force Control [29]

Salisbury ttazatue [30] 19’1’ﬁwuwizl,ﬁﬂu'3§muqmmu Active compliant
motion Bﬁﬁﬂﬁmumﬂmﬂﬂﬂ Force/Torque feedback (a2 Translation Wag 3 rotation stiffness
YINUBUGTNHANNFNRUSAUGITUNITN (2.5)

F =K.5X (2.5)
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We 86X @@ Cartesian displacement iS22 NNNEILWHINNABINMS (X,)

a g

K @D LUNINT Cartesian stiffness x

86 @B yNUDIWBNBAN ) NNEIUWILBIYNNABINT

L8 j @ LN3NG Jacobian AIUUNMTAIUIM 56 W3DNNVDITBABGIN 1) WINNANNITN

(2.6)

5X =j.50 (2.6)

Mrualiusaadn (Static force) HaLLIIAD (Dynamic force) HneNdnnnIuaI NI

Nale aetuANNFNNUSsEIuseiandadade g (Joint torque: 7) WaLWSIMEUDNN

A5 (Applied force: F) uanalaaagumsi (2.7)

T =]T.F 2.7
uaztilaunuanmsn (2.6) waz (2.7) Tuaumsh (2.5) azlansaunsn (2.8)

t=JT.K.]. 56 (2.8)

Hogan wazAniz [31] LoWMUIITNI5AIVANULUY Impedance control Lo
< d} c} ] 4 (3 (3 & U Y
WunsmuauMsieaaufueiueud (Robot end effector) Tﬂﬂmﬂﬂaumsagwuﬁaumu
§89 (Second-order differential equation) NuaadlugUuuuzaanIa dU59 wazdINI
(Mass-spring-damper system) S991n52¥15940 U (Interactive force) %ﬁuagjﬁumﬂﬁ"m
AALAFDUYDITEUU TN LANAIANNUANANNNAIFIULVLNNA DINISUAEAIFILLNUNI

AIFNMSN (2.9)
Ma(X — X4) + Ba(X — X)) + Ka(X — Xg) = —F (2.9)

wotliaanaIuluainI3AIUANLFUNINNITLAFD UNY IR UEUFTUDEAUAIINLI GIUY

aumsannsadisuldlvdasaumsi (2.10) uazudanlaazunsnasgui 2-12

Xy = Xg+ My ' [-F + By(X — Xg) + Kg(X — X)) (2.10)
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P o a ¢ L Ay
W My A0 LuN3NG Inertia NABDINIT
& A ¢ . Ay
By A8 LININY Damping NABDNNIT
& a ¢ . Ay
K, A LuNING Stiffness NADINS
X, Xy AB INLADIYDITIUNINATILDLIUAUNNABIM TV UB U

X, X, %, X, @9 01N5UaraNsImaseuaz e oanmsmusau

X, A A3 N
F Ap usaMeuanfinseynsaueud
X, f

Controlled System

Eﬂﬁ 2-12 vdanlaazunsnNueg Impedance control [31]

35M13AIVANLUY Explicit force control 9AWMUILAY Volpe waz Khosla
[32] BHTumsmuguuaziamusilasnse Finguszavdiialiamanrinalnaidaeiuen
v [

a d’ c: &’ d'cu ° v 4
BUNANABINIT GNE‘U‘VI 2-13 IugﬂLL‘LI‘LI?IE]\‘1ﬂ']iﬂ'.]llQNULL%Q‘VI')@Qggﬂ‘N']N'I‘Wlﬂ'\L')ﬂLG]E]i

ANNNANAINVYDILUT (Force error vector) Iﬂﬂiﬁﬂﬁiﬂ’)UQNﬁ’Jﬂ PID control

Gravity

Compensation

FD T
_’@’ Force control law [ J* Robot +-
X X,
A
Y
JT Kg
1 F

Ui 2-13 vdanlaszunsuues Explicit force control [32]
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Railbert LLazAue [33] 1o aammu‘i%muqu Hybrid force/position control
Togszuudl 2 dhmugueas #p Force control WAz Position control NG BiLaEILEN
dasz udazgniioudanianiuniaitzondt Synchronization system WazgATNEAZLD)
Fyapansududauizgnulasuiudyanausidovasudasiada (Join torque) Tag X
waz F lunnieas 6x1 wamam Cartesion position/orientation as Cartesian force/moment

MUTIOU UWdz S A Diagonal selection matrix A43UN 2-14

Xq FORWARD | _ 9"

IKINEMATICS

LAW

l
Xg +;]\ Ko -‘xh -1 Ee’ | POSITION TP
—"tg——l S et 7! e contROL —q

/Fa | L] - FORCE
] } CONTROL
PR Nl P Py il
d - € 25 eg f
| Foce
T HrRansFoRM
fo — fa

31Jﬁ 2-14 vdanlaazunsnes Hybrid position/force control [33]

35015 External force control ﬁ'@um%u‘[m De Schutter and Van Brussel
[34] ﬂén’hmﬁaanLmus:‘uum‘uQuﬁﬁﬂwﬁw%mwﬁqmé’mmé’l’ﬂmﬁhmﬁw’%a Gain i
wanzauie Iiszuuddasuazusiug msUuSuasumesi (Gain) 1o q lussuusnay
FNHANISNBUAUDI LN NN BUNY LU ¥INAAA Gain ML ULUSEUVAEHAINY
(Sensitivity) i wardaslFusanniuly ugmniia@ Gain Lﬁuﬂ'wqqtﬁulﬂiuiwuﬁ%ﬁ
msmauaumgwuﬁﬂﬁﬁmmigu (Oscillations) ¥luganulaadasuasszuy dmsu
udanlaazunsumIuAN (Control block diagram) ¥84n15AIUANWSY (External force
control) Ysenauaiy 2 guamuaudaunufsglameuanmuguustuazglaeluniugu
G éﬁgﬂﬁ 2-15 L26NAYaIgUUBnNfAD AF %Lﬂﬁ'ﬂmﬂuﬁuwm x& yaeiunad
aasmssmsugumeluy
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Fs

Y

Position control ™  Robot Environment

Force sensor [

gﬂﬁ 2-15 U8aNlABLUNTNYAY External force control [34]
2.8 J8UUMUAN Proportional Plus Integral (PI) Control

NNIAIUANLUY Proportional -Integral-Derivative (PID) Wumssannuwes

8anNa3TINGIMIUAN WY P, PI waz PD [hiAsnldnuathaunwsnarglunssuiumsaiuau

gaaunssn asnnienudhelumsldnuuazliimsauguissiandu g nanansedug

. e

AuanuGauhgwazihnuladaan [35] msaruawn PID Wuszuumuanuuutaunaud
Tiustantean Wy anudmsadmuniwawanss gauwnil uwazmunisausud
Faiimah Ul lumsdunaniiumenuiionaaiiinananuuandezssiudsmild
LaLATiGDINS é’amuquﬁwmmuamﬁﬁ@wamlﬁmﬁaﬁaﬂﬁqﬂ [35,36] Uszansnin
294N TNDUTUDIIAITHUUIUBLAUNMIUFUAIASA (Control gain) Amansanludning

v & v < [ .&’
WINDBNUU ) NIPIVANNIY PID Lﬂulﬂ@l’]&lﬂllﬂ’]iﬂﬁu

t d —
U = Kolyae® =01+, [ oo ~y@] + K 22D Y0 a1
0
~ t de(t)
U = er+K,f0 e(t)dt + K It (2.13)
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<~ J

Wa  yu, @8 @ Process output 1GNNS

3

y(t) @@ @ Process output 334

8 ANNUANANITEWINMNADINMIAUMAIN Vg, () — y(£)

Q
~

~
—

o))y

8 ML@IYIWALEN PID control

<
~

~
—

o))y

D-

8 AIANN Proportional gain

e
o)

D-

8 AIANN Integral gain

J =

Ky A PIPNN Derivative gain

=
7Y

)3

t,t  f8 nadadisauasanlumsgn (Sampling time)

< 1 A 2 [ va = Yoy
NMIMUANUTUIEANNITBueudIetndnlulGazdanlzifauay
WUU Proportional Integral (PI) L#89391ntNaN Derivative 284M3AIUANLUY PID fianul

faduaNMIUMULATDIATIHaRBSEUUTIDIA LilaDas [37,38]

2.9 ennsavdaanas (Filter)

duiazeduneiinsSudyanudune NI SaITAUTAZANNE)

[

v = c} v Y1 d’d’ v oy [
ANNNN ﬂfniﬂiaﬁﬂ'ﬂllﬂ‘llaﬁﬁmumuﬁmalmﬂﬂ’]ﬂﬁﬁuﬂﬂﬁaﬁﬂ’ﬁ Iﬂﬁllﬁﬂ’]ﬁﬂiaﬁﬂmumu’]m?lﬂﬁ

szUud 2 35 @D
359 1) @IN989ULUU Moving average filter ¥aNNITADITUUTIINITHI
s oA & o & P2 & ' P ° A o ~
pssdiaiummMNarmanse msisdiazdumsmeanadaludruiuinmvue laaiing

awaae Inainiasadasimnmngaasgnausan aeaumsn (2.14)
41 L
yli] = - x[i +j] (2.14)

Tag

=
=
o)
5]
e
=)
&
-
2
©»
=
=
3

n fa Mnudayande
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D.

=

359 2) AINIBAULUU Low-pass filter H39AINTDIANNAMFIU ANANNIT

U] v
4 o ! " v

ad o -4 = = o W
QSGI(?]ﬂ')']Nﬂﬂéj\iﬂ'l']ﬂ'l'luﬂﬂﬂ'lﬁuﬂﬂﬂlﬂ Tﬂﬂwmmnqummuazgﬂawaulﬂmuam‘u

1
ad T

Smstdlumsaanauduanaiivhla luganduls aeaumsh (2.15)

ym)=A-a)xx(n)+a*xyn—1) (2.15)
loadn  y(n) Aa deyaNMNYIM3 Filter uazeeglargn
y(n—1) @d dyanunyng Filter uduasgunaunih
x(n) s danaiinlduasguargn
a A8 AAINYDN Filter (AA521IN 0-1)

) g 1 g1 2 [ va <~ Ya .
dnSuruaudetlndalul@insidanldid Low-pass filter lun1snsas

YN aULsINIA AN Multi-axis force/torque sensor WazdaaNMANNSINEIUlAING?

e g

%

NIRAEHBIINTTUVYUBUANNTE IUAFYANMNN 9 20 HadINT AedaNNdE AN

GaLliay wazaNNuNu TN

2.10 Root Mean Square Error (E_RMS)

Root Mean Square Error %38M1510N§04204A1AINAIALADD UM AITDY
= I [ aa a pap = v a o .
wae WumNaneadazeslsnanimsdsunlaiegnanniia) 1NNUIFLUB Kilgus
waz Gore [39] LanandlszdNSNMWMITINUFINITOIANLALANNSUIAY E_RMS
[ @z:‘ L~ a 4 2] 1 o VA Yo v a 4 P
naawsy loudSinanarsnilea lashmnlassnanlviesnziiamenuimanzay
YIANANNANALAFDUNNBENFA G9aNNITh (2.16) M E_RMS Belanznlng 0 aziinn

WNUENINNENZTY MINzaNNININIANLHINUENENMWNETIFuaIszULAMUAN

Z?:l(Xd - s)z (2.16)
n

E_RMS =

=y 3

A9 UIUAINUSLEY

Sh.
S

Tog

1
1A

X, @a MNAaIM3

b

X, A9 anNInNmuges
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2.11 mmﬂaaﬂﬁ’ﬂ"lumiﬁwmi’aam“’usijwa«gvﬂ’uagﬁuﬂuﬁf (Human-robot

interaction)

Iﬂﬂﬁ'ﬂﬂﬁuﬂuﬁﬁmmmmsﬂumsmﬁaumﬁaEiNS’mS’JLLazLLu'uE]”I Toe
To & Y v P < @ ¥ ° ¥ a M v ' Y M
Lidudadfirumasnnmevaniludmnszdu mivieenudasaganndaglanud
nuegusnalnddes ManusINfusEnINNYEdLaziueud luNunGeiuaaling
Sulsenuiienulaandeadnaana) NNUITEYDN Giuliani wazAs [40] HN581D9
MINuINIUEBINYEE LAzt udgaavnssy leaiidamnuandanssnsnide
mstlasnufldnuainanudesdanisiiaduananiauialiunniueud aaluded
QJ c: o I o [ 1 I ] c: v xﬁ' A‘ [ o
wanmsnandudvmiuiueud 3 agnnlasunsiauaiiaiinanudasasslumsrinu
s'mﬁ’usw’mwwﬁuawjuﬂuﬁ A dNMWNUMY (Robustness) favauadln (Fast reaction
time) LLazﬁé’nmauaum (Context awareness)

Mitka uazaniz [41] lAn5RdaUNNIPULAzAMEN BUzaUANNUaBAAE
lumseanuuurueudnivssansaw lasdamnuandasmsineddasludmuead Electrical
safety, Software robustness, Emergency stops, Sensory devices, Measuring static, Dynamic
performance LLa¢ Operation stages °é”1afi’muﬂéfmmmﬂaamﬁ’ﬂmmgm&im%’mjuauﬁ

gaavMnIINnlasusadlag 1SO 12100: 2003 Al
® wanmsiugum ludmSumsaanuuu ISO 13482: 2014

e dafvuacuanulasadsdrniuiueudlunsquadiuyaa 1SO
13849: 1999

¢ FushuaNNUapaNPaITEUUMUAN ISO 13855

o ghunisrasgunsailasnulumsindediue e 9 2a9519menywd 1SO
10218: 1992
wiuduaudgaldsumaudlowasdiamlul
[42]

® 1103531UANNUANE

o

.. 2549 wazmstldsunlasndrduies

ﬁﬂe 2

® New modes of operation: dYIALAHIIAIFIUAEITBINUNUTTIINY
DI UBUG 1Y MIMmUANYusudlumshOuINtueasusudninmsaanuuulivihou
INNUFUH TGNy edlunuimshnu@eny

® Control reliability: #msudlaszuuamugueazhelviminsanuanli

=

fanudasadage saunsdidesdmsurandursiiuads nstduasluniaszuy

< a

a d = = ]
dlannsating uazinaluladiaadne
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® Safeguarding and clearance: AN15UszIHUNdANNUIDANLLNBNNIS
mnuvgazizae lasiinsluaedayacie g wu sdfigegauasiuausd winaN3I1g9Ee

Mwndmiuanassuanulasadsesusudiaualos America

National Standard Institute (ANSI) lamuuadiudsenavdhaey aeaa Uil [43]

v
| =)

® Risk assessment: NSzUUFAFIUNTILNANINLTEN

® Safety critical software: aanuuuLNansUaszuuludmniisanns
LA BN UNSTNNUD R LUNA ML Va

° a

® Dynamic limits: Zonanmeamweaslinuiihiniasen
v & o 2 a A W
® Emergency stop: Mitivalvigunsalmeuanilamevaaszuuiisng

® Man-machine interface: #IVMNAMINNULNINNINDNANLBENANNLEN LA
= 1 Y a Vv v
Rauazna linadamauanulaanns

wiMIMnuDINI Uy sdLasusuddalianavainvaraluns
Uszandldag 'a’iqﬁﬂﬁl,ﬁﬂmmLﬁlmathqmmiaamumitﬁﬁamﬂuﬁummmnyiuﬂmﬂﬂé{
Sumsaanuuumnegminggy lasanndasanamaluanarlviiasuanedaglyly
seimsraunuuldaey seuenulanasusrenuin@edaduiiuanuinawsn
dusuanuinmemumaiialunsaanuuussuumUANiUE U LUMSNUIINAUNYBE
Tmﬂnaqmﬁ‘msmuquﬁ’mslﬁmitﬂ'ﬁ?’iauimwawjuﬂuﬁl,ﬂulﬂashﬁml,%amLLazLﬂuﬁisuma
LLazamﬂamLﬁ'ﬂwianﬁmmLﬁudaugwﬁﬁmgnﬁ'ﬂaaﬂ [44] AN NUasansduinuad
MNAIPIURAAYEINTU HRI ZedaeldSumsuszifiveghaminsaniiiaananudeedy
anulasadelumsfadamemamwuazUn Uesjuaudnuildanu [45] Heinzmann uas
Zelinsky [46] LLam50@131mJaaﬂﬁ'ﬂﬁ&hé’ﬂg&?m%’mjuﬂuﬁﬁuamaanﬁwmuL‘?‘Juﬁm Y
Graid

v
oty o

® HUUANANTNNUTINAVNYBIILABITNITATUANUA UL NUNING
Musnnuleadnilaaans

° miﬁwmlﬁﬂéfmumaqﬁuﬂu@‘fﬁuquﬁa%ﬁu A DINVAAIVUALND
<

]
=1

Lil'ﬂauasmmmmimimﬁaulm?lmﬁuﬂuﬁaziwmuﬂ

] P a4 [ Cd 1 o Y a < v
L ﬁuﬂu(ﬂLﬂﬂﬂu‘ﬂlﬂ‘b’uﬂungﬂﬂﬂENINVI'ﬂ‘WLﬂﬂﬂ’li‘lJ']ﬂlﬂU’i’lElLL'N

18n1nH Heinzmann Wag Zelinsky [46] 8906 tauadaanuaueNivinsan

%
=

71mﬁuauﬁﬁuguﬁa%’wwuiﬁtﬁamwﬂaamﬁ'ﬂizwiwmiﬁwwu%wﬁuwmugwﬁﬁ'u

v
d AV A

viueudluwuy Gealnad el
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o uywdaMINIaMmUANYUEUd laghEmME

Wusgudmsimstedaulmniisswelumsmuaumslany

a 1 3 < = 4 v v o
wpdnssnlagsinvesiusudarsiumuiimanisaiuazidrlalany
Bl

marhnuzasusudaeslidudsaneudanywd

anudasanglumsihausiniueeswyeduasiuesudansousulsuss
Wannlddemaszyduanenmuesasjusud wdmaunuiastasiuliliidaenudes
Fanamananih BavilanagnslumsuSulgduenulasads fa masieiuiidnmen
Uasadgliiuiusudgaamnssuuiuiimahauzesdld madimsasanuayedidlily
duififimatlasiuasfimaimuresiimuauiuil Fazdend Mangagniiu Yamada
LaTAMy [47] Wuameilndnathaniiuianuundaisfumsiamenauasmstlasiu
dhéhsfuiasunsanuszainlussuua aduiiilssansmwaasnyuduazszuuve
anidululuug Safety fldnuazaansodadulaldlusnsijusuddinahonuduns
Jamsiiduaziilszaniamuiige anudasasedviumanauiindusesnysduas
dusudlasumsianmslasgdiufioseumdwasiuaud laaldmuusihiiivssansam

2 Y I3 o v v 4 | (%
LWaTwnuaummmmmmmmﬂumgmﬂmammaaﬂﬂﬂ

v 1 o v 1 YV v ]

M3lanauLaess U INNYBEnuuaud L imsUszandldnuludagiu
megruanudasanglumshounuiueesayeduazjueud ansoanadauldan
613U lun15095293UMsuaaeanMNLEEI 3 a1NMeT Ny B [48] MSYNNIUTINAUN

v Y d’ I Rl v - v =

nmsasedaunazlidayandulsslamidassuulaaasvlunmswannanulasans ims
N3IAFDUFYYIUNITO A TYDINY BT AIHNIWHIDNINMBNIN Traver uazaniz [49]10
wuamsladyanamwlumsmiukuuazmuanjuesudivaiinanulasadslumsyau
FINNY Bicchi wasaus [51,52] imslEmsiadaulmuasiadandanadainussninany e
wasyuaudaamMsEhdaaungnssumsnauNNiueaINysduasnysd ialszand

v [ 1 s < o v o 9 Y o = o A X
Iﬁiwnuvguﬂum Lﬂumiwmuiwﬂu‘[mﬂlﬂﬁmvgﬂLLazameﬂaamwmnwu [563,54]
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o] aca v
ITLUYUIDINY

= Y <~ 1 LI | v

nnmsdnwgihalsavasadananasdiuluainiidammeanssouzau
1 [ I 4 P ] ] =
o197 ladhasdunmswedaulm msues msls mswe mswedaulmaulvaazgaydams
MIUANYBIUIY WnaziianmsinSwasnantiiadlanan 1 fidesmsudmsiuwegiana an

= a o ¥ A o o gy A - . .

nMsAnHNUITENANLaNanan 9 NHe9n15WUWAD Triceps was Infraspinatus L8NS
Wuyuaztadua319nnuuEenswaanduiiada Triceps azvi linaIntiia Biceps 813150
HAY31AMI00DINSINSWBINMNLiD dIUndNLileN® Infraspinatus Az¥h lanansoEia
WAUDBNNNINIO LA NINTY [54]

aauuIhMsaijusuddsindnluldiaWuynarniiaNanan Ae

Triceps wae Infraspinatus ﬁﬁgﬂﬁ 3-1

& i it
Slerr

Trapezius

Eﬂﬁ 3-1 danmuiiianan loun Triceps ¥ Infraspinatus [54]

3.1 vhaanﬁm"ﬂmmﬁaﬂmjné'nuﬁa

nsWuyndraila Triceps (UeazdataanusnaIntiialasnisiauas

= 1 1 X 1% X . PR 1% v X
wiggadIuaau SIUMSHUNNIINLUD Infraspinatus Qﬂamzmmaanusmmmua‘[@ﬂ
AN NLazRUaIULaIIY aslumsaanuuuianssuaanmaimeazldmseaauliumn
52170 Horizontal Plane tiumstedaulmngudaunisznauliudianisee mswmdian ns
neean wazmsnu WWudu asgui 3-2 Aidansiaaaulud (Range of motion: ROM) @
' < 4' oo v 4' X 1%
ayauasazasnsiedauniiala Tunisedsulminuiszunuiiazdsznaudrans

= M ) ' v @ P
asufizasinvauasdadan aegui 3-3
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(a) Shoulder flexion torque !
W

Elbow

'
Elbow
\
\

. 0, Extension Ex:enslon/rA
/0 ? Torque 3 » /""
<& o S S
M ~ \J\ A ¢ . A " Shoulder S *Shoulder
\\) \ Flexion Flexion
- o =
r'/ i @ (b) Elbow flexion torque % iy
— | 5 g Ebow  If Elbow W)
— Torque / Flsx|u|¢ Flexion \\f
7 J %
4 AW P P
Shoulder Shoulder
Extension Extension
(a) DOALUUNINTINBBNMAINEY [55] (b) M35tdau 521U Horizontal Plane [56]

3U¥ 3-2 meeanmaimaiiiamsWunnduiiie

Abduction

Horizontal
flexion

60°

Extension Neutral plane

of the scapula
("Scaption®)
Intemnal Extemnal
rotation ) rotation
90° —--—Ho _ F-SaN_o o 90°
30-45°
A
D
— —="Horizontal

extension

sUfl 3-3 Aidamsndeulmzesinluauazdanan [57]

¥

3.2 mIaanuuulAIasiiaiuynaruiie

= 1 A =2 QJ va o v dgll v dgll =l

wnAamssanuuuuesudneinaaluiadmsumsiunnmaiiauauids
t3aeiiaaalilssanimugs Tdnudhe saesuianssuen q nlglumshmamwiiunuass
g5 enuuinseInMuiladlavanludiuuee Triceps wae Infraspinatus MIBNSLHAELR
& v v v v 4 -1 ¥ A At <& o
wazaauaunInunthuazauing wisslisuanssamwdniisdruwauilslosn Ui
g 2 sUuuuAB (1) End effector AamMsUszaau@mzaiuane waz (2) Exoskeleton
mstlszaaamauey dmsuniddeiaziinluluguuumsiuyihalsavaasaidananas
wnzaulas (End effector) Liiasannimsaanuuudiasatuasszuumuaniligudou
fuwnafian JUN 3-4 Aanmseanuuuusuadiailndnlud® Usznaudiagiuvusudnd
AN NUAILTILAEADITRITUEINTANINNG HaalanTd1uIu 4 88 (Omni-directional

wheels) 5895UMSLAGUNTULITZUIU MIUANAIBET NBLHBSSUTIMIINYATY
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¢ ¢ = ¢ @ = o
vanasnmuanlasasnn lulaseaulnsawess Sumesasaiauseiinssnmeuean
(Multi-axis force/torque sensor) tWal#lunisiausenaraiianauzasgiienldlunis
MIUANUEUG JNNTBDNUULLATBITULYY (Human arm supported) tivahelithaldau
1 X . 2 g o/ [ 1 o, a v
NePU gaAuAN (Control unit) Fudlulandnzaamsmuguiueudiunamnsadiade

AUEIUN User interface tNBAIA LUAINTTNA )

DC Power supply

Notebook

ATI controller

DC Power supply

Table

Autonomous assistive

Chair

) k4 YV

= 1 A e [ I va A A v <
UM 3-4 sanuuuvinsudnainaaluNaiaWunnauliawau
&Y ] u
I ________ h
: : Main
| | Operator Diynamics c
omputer
: Lag | Handle P
| |
| I
! | e
| I
I
: Reaction : Force sensar Stand-alone ATI
: Time : controller
I
| Delay
| R o» o |
| | ) . '—‘_‘_'
b e | Visual i B 5
ki i
hosition error T +
: Arduino Mega 25860
! Optical encoders _ .
microcontroller
Emergency Buffer and ry
DC motors
stop y driver devices
Power Motor driver [
supply circuits

Ui 3-5 unuRwazudanlaazunsnyasiueudditlnanluld
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UM 3-5 uaaedaunursudanlaazunsneaeszuuuauddeilnga lule
N v Y k4 & P | 1 o el 4 [ a v P
Guaugihadavndauiuzuldidinlmeramineudnisugasasaliowssinag e
BU8aanus9N5211 (Operator Dynamics) @UI%839sAIIVIAUIUAzENM TN ldaIn
ATI controller lUgalulasaaulnsamasuszananatiiomuananud loamuananu
2R TN DTN TUNBLN DT LN UBUATNADUNALITULTRIMIEIIHaNTIATR
anuTazamnaulidilulasaaulnsamasuszananaszuumugy ssuumuaNazi
MIAIVANULUY PI 289MIANNANLSILazANNT) fiheuaziueudasimandounlyly
amadeny Wagihesanusuedauiiusudinn yusudaziedaunizuiuanu

L4 1 = g-” Y U QJ <~ Y <~ 4

mudaduzesuss annsgthadliszuunnulasady Aa Emergency stop Higaziiaae
Hadnde Wagihaieaimanwaswnduiialisansatedauiinajusudiionu
Hawaraaansanalsivevaanisyinanusesvgasudiiannulasadslunsnuy
R HIBIGITLAN

Tassadngudueudgnasnuuuldisnaza3aa (Anodized aluminum) 1{u
waradnffianunumuia iiulailaseadiianaudauss numuwazidinini
anvazrasusudiuusudindouiidiedalond 4 do Wumahenusansofiiay

4 d o 4 dnovy o 4 2

apuadauinvulaniinaninsawmdauilulanniiame eanszaznauaznainldly
M3AFBUN NNFUN 3-6 B9 JUN 3-8 LAAIMWTINUALYNNDIGN 9 VRIUBUAZIEEHN

aalusiandelumsiunaniladuusy

Human arm support Grab handle

Multi-axis ATI
Force/torque sensor

Marker

Arduino
microcontroller

Omni wheel DC motor Optical encoder

E‘Uﬁ 3-6 MW Front view



Arduino
microcontroller

g‘ﬂﬁ 3-7 MN Top view

L298N motor driver

Omni wheel Optical encoder

DC motor

Eﬂﬁ 3-8 MN Bottom view
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3.3 dauﬂsznauwaqﬁuﬂum’

3.3.1 [WULBDSATIVIAUTY ATI F/T Gamma multi-axis force/torque sensor
Husuresomaiuussdudassninglitudusudindoud Tasdadsssuhednssrhau
Umsuasiduansiusud Usenaudisdsumas ATI F/T gamma sensor saRaauaui
UaeiudyaasuniudazyanIuan ATI controller ﬁﬁwa%mé’@mwmaaﬂiugﬂmejm
Analog port, Parallel port LLa¢ Serial port loafia19289mMsin Force/Torque Ej%!(ﬂﬁﬂ + 130
ey finnuenuazidon 0.1 976U waz = 10 HIdu-1uAs RANNAZLEA 0.0025 T
AU-LUAT MO é’qgﬂﬁ 3-9 (MNTNA v-1)

RiySHrpiny

AT NN Forea/Torge Seser st sl

gﬂﬁ 3-9 Multi-axis force/torque sensor [27]

3.3.2 #%u8LA83 Faulhaber 12V-DC motor with an encoder {unataas
Tihnszuaassiulaswasnulnihldidunasouns Sgadissne 64:1 anudrseu 120
saUABNT wazficdnswa 12 CPR Wugunsalfiulasdanandenalugluuumsnsu

<~ [ [ [ o v o [ [ 3 v 4
wiamanszanudyanamaluih mwihiasnaieenuiwaziuniwenawas 1z
g NdyauNad (Pulse) NLUINUNTNUNMINYUUBINAINDLADS NBLABSALYNAUGNE
L298N (iugaduniia H-Bridge 32MUANTAIANNULAZANNSIVBINBLADS (1191 -2
wae 29-3)
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>

w00

(a) Faulhaber 12V -DC motor with encoder [58]

0
H

(b) L298N motor driver module [59]

3UM 3-10 wawRInTEUINTILALEATUNBIADS

3.3.3 lulasaaulnsataads Arduino Mega 2560 (Hululasnaulnsatans
m3z0a AVR Tuguuuuuuy Open-source FUlalulasnaulnsatansiuai ATmega2560
yufienad 16 MHz Simbaenusunas 256 KB usw 8 KB 1lni@es 7 & 12 Taag
Lmﬁuwaﬁzuuag‘iﬁ 5 1188 4 Digital Input / Output 110 54 21 (1Wu PWM 1@ 14 )
Y Analog Input 16 21 Serial UART 4 %% 12C 1 %@ waz SPI 1 4o ﬁlﬁgﬂ‘ﬁ 3-11 (GH‘SN“?;
Ud-4)
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Arduino” MEGA 2560

- :; . =
G
i i

1

[

]

"‘4’(‘(«(‘0\‘) 5 ARE PROVIDED °AS 18° \hU Rl h\ h\ul At t d-wm.uo MER WARRANTIES, EXPRESS OR IMPLIED.
REGARS PRC LITY OR FITNESS FOR APARTICULAR

om Aare chirges to them
Thep wihout notic g0 wih s nformation

I> s s 4 ARDUINO s a regislered lrademark

THAHHHAHTIN

3UN 3-11 518018802 UNUKNNAT 4ae UBSA arduino Mega 2560 [60]

3.3.4 aalanil Omni-direction wheel 58 mm (Uudafiawiifignnasinat

u
1 1
=

sau 7 a8 fignnasrhyntu 90 asndudias lasil 3 semdase Ae asndasziinilada
HANNOINUUINTINGD B3 BFTENTBUANNNNTNHUYIYNNINANDELITBY ) 2BIAD
waLBNABETENMUANNNMINYUNIATUHFTENINGNNAIUALINY 693UN 3-12 dwdu
. s & = v v o Vv = X 1= a 4 =
usudnaaunazly 4 do Nahyn 45 aee lasudazdaaslignnavagiaiansiadaud
19 2 unundaniu A MAULLINTRYUYBIFDUATMNULUINTUYULBIGNNEY LHBABINS
4 dyoie o < 4w 44y

wasunldeiiale 9 @ansounnanudimsedaufidhuunsiadeunuesdauasyeg
gnna Jerhldenansatndaunludsiiale 9 Ala (91 v-5)
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Uil 3-12 Omni-direction wheel [61]

3.3.5 wnav318 Wil (Power supply) azutvsanidu 2 %0 da (1)
unaedrel 220/12 Taad 10 wani 1ddmFugadu Motor drive L298N Litailu
uwnaselWlvnuatuawmes waz (2) unasainaln AC voltge & DC regulator power supply
w'?'nauffJuLtwéqdwﬂiﬁﬁuqﬂwmﬂz?zyn,ﬁmu,iq TO8HIUINTVEN ST QI UBZINTT

Zero-span

Y

3.4 aunsainldinsiadyanalvihadaniia (EMG)

oo

Uaan3auau MYO ARMBAND (Uugunsalfignimuilas Thalmic Labs
araUnsalnialuazilu Contact tialvizuiaiarnisansradumsilasuulasung
amaiiale FelEwann1sNisenn Electromyography: EMG Zauilumsiadaanalwihain

v X | Y X o~ o o & P < '
nawtile tilpsannannarniilainisadunsaedoulur duesaziinisasIucu

4

udszamiitaldndaiiasdumudaims seiiaadudyanalih Seenseasiasuy
aaudanafinanldieinnzimsihouremnanils Tes MYO léfwumaisanan
aguinasay 1 Welimmnsadenzimahoueanduilaléassana wuresildie
Medical Grade Stainless Steel EMG uanmﬂ‘ﬁ%ﬁ 9-Axis Motion Sensor %wﬂumuma%
asRsumstaaaulmnaae 9 unu Ussnaudie Accelerometer 3 WY MNAITOFANNLN
°luLLuaLLﬂuwmzﬁ@%Lmdmﬂu Gyroscope 3 AU mmsaimmL'i«%qagmm:ﬁ@%mgu
WP U8z Magnetometer 3 WA &1N503AANINNITHNLELE (Tudu drgunsaliinis
fadadassiuneduan e Bluetooth Low Energy Profile %aﬁagﬂu Bluctooth 4.0 Lil®
Femstuuanwiiasuviadaunsal daguil 3-13 sunezasaUnsaimansadiouensld
Gaud 7.5-13 i thuiinagi 93 n¥u uasANNWINBLT 0.45 111 Ga3UA 3-14 [63,64]

(M5 2-6)
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EMG Sensor

Micro-USB port

Status LED
A
Flex adjustment | Logo LED ‘
band Micro USB  Bluetooth
Cable Adapter
Uil 3-13 MYO armband [62]
\ / d 0. 0.45 inches
\ PSSR P€ Pod thickness
from 7.5 inches to 13.4 inches

3Ui 3-14 210 NMINUAZANNVIN
3.5 Force analysis: Human-robot interacties

Tuduifazadinedeumndalumsiinnsiusasiusudhsingaluda
duduilundudauny 18imsfnmnauddsuuuieasyudiiiendaddumsaiuay
(%Y Zhihao [64] waz Trujillo [65] ﬁlﬁﬁmimﬁqmmmmiﬂwmuguﬁ WU NNEEMITU
imsAnwuaswanngluuumanedauises (Pilot test) dilatiaUseansmwlumsinm
5ﬂﬁ'ﬁ§ﬂumsm‘sﬁwm‘huﬁuwawquﬁﬁuLﬂ'%aqﬁ'ﬂiaz%uaEiﬁumawuawuwsaﬁﬁu%auﬂaq
NywdluuaasAUIY Arata [66] léﬁLﬂswzﬁmsﬁwméauﬁ’uwmwwifﬁ'uLﬂ%aﬁﬂmaz
LauagﬂLL‘IJUﬂ’l’iﬂ’J‘IJQ3J‘ZlENNigﬂﬁﬁﬁﬂitiﬂﬁﬁﬁﬁﬁ%ﬂﬂ’liaﬂﬂLL‘IJU 13391889 UWaznI3
Usztluna é’qgﬂﬁ 3-15 LLamufumham‘vmna"?;l,ﬂué'f:umuathiwﬂﬁqmmmjuﬂuﬁﬂm
fnsaTuidamiunurnduiausudniugihalsavaandanauas Tasmainsnauud
WHANIIUMIADUSUDNUUUTNHE (Haptic) v‘iﬂﬁtﬁmmsméauﬁwmqﬂn‘mivjuﬂw‘f 0
WHUM WA AFsEim s wuadasnueleail WNUBNNYHE (f,) MIDVBIRUBUG (m) U

HIOMUIIN (fres) BT MILABDUNUDINUEUG (x)
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X
Ji
f o [
S

3UN 3-15 sy daszraaiueuddIgingnlule

NIUNUMWDFTZYNING (Free body diagram) shansamanmsaaiiiaela

Toaldngmsedouiite 2 uasiingu (Newton’s second low of motion) l@asaumsaa Luil
fa(®) = fres(£) = mi(t) (3.1)

ld fu(£) = ME(E) + fres () (3.2)

-

Waimsanvinedmsunmuae dyanaumdwefidaiiiasaransadsuiuamdyana

NN ludatiiag G'z’ﬁa"nmsai'ﬂlé'nﬂﬂﬁajuﬁaaeiN T WazINUIUAIDENASULFNOE n
AaFNMSN (3.3)

fr() = mE(n) + fres(n) (3.3)
Togduu@nN x(n) = [w] (3.4)
oy i(n) = [w] (3.5)

WIUAFNMTN (3.4) waz (3.5) adluaumsn (3.3) azlaaumsneil

fun) = fros + [ (")] (n)—[zm(”)] x(n—1)+ [m( ") xtn—2) (3.6)
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Hnsmrueanyuee sy ed s hnuHINnussn NNy uasueud
N NU3T8299 Rahman wazany [67] Iduuzihuuuiassuaunyudiianuadieiu
3% UU mass-spring-damper é’maﬂﬂugﬂﬁ 3-16 lag N AIGIUNIUYBIUTUN Y B
Usznaudemnileadesil 1a (my) a3 (k,) uazdamin (cy)

m f ;t

gﬂﬁ 3-16 Impedance model of human arm in a spring-damper system

[

NIV ABINSINUDIUBUNY BTN SO R EUaNNT AR
fr(@®) = mp (0)%(8) + cp (Ox(E) + kp(O)x(t) (3.7)

P [ U i [N P v & [ Y v ! [ []
aumsn (3.7) nsowdaslumnanilidaiiasla Famnsalalannmsguiade T
LaEPUIUMIBENALUTANAIY n AT (3.8)

fr() = mp(M)X(n) + ¢, (M)x(n) + kp(M)x(n) (3.8)
Toaauudn x(n) = [w] (3.9)
uaz i(n) = [W] (3.10)

UNUAFINMS x(n) wag X (n) adluannsh (3.8) azla

= [{5020] o0 o=z

T (3.11)
+ kp(M)x(n)
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aumsuuulamniinzauswasyedamnsadnladadeanmsasds Uil

£ ) = my,(n) +ch(Tle) +kh(n)T2] ) [M] x(n 1)+[ mp(n )]x( ne2) (3.12)
ED) fann) = a;x(n) + a,x(n—1) + azx(n — 2) (3.13)
Toait a, = :mh(n)+ch(Tr;)+kh(n)T2]

a, = [F2mamen

[mp(n)
| T2

as =

WINLADSAIA UM UV DILIUNYE Qﬂﬁ%’]ﬂ%‘uﬁlﬂ Mass (my,) Stiffness
(kp,) waz Damping factor (c,) shansauszanalalagldmanuuandzaunaiinissined
W3aaLa23 (Recursive least-square technique) w’%aﬁfsﬂizmm@hﬁﬁqamﬁaﬂﬁqﬂshumi
Ie5e¥lulusunsy Matlab 914338289 Rahman NUAME [68] waz Feth NUABME [69] LdUD
50598 UAILUIAIAIUNIU ﬁﬂﬂiLﬁU{l’aﬁ;jaﬂﬁﬂﬂﬂElﬂﬁ‘w?nﬂﬂﬂﬂi“ﬂﬂﬁE]“UﬂTi%/’du‘V‘\!
aussamunauiiafild Fasznaudie wsalanauapanyed (f,) m'il,ﬂ?;auﬁwmvjuﬂuﬁ
(x) AN (X) UBTANULTY ()

3.6 MAANeHIvaausILazUsuEHsuAUIIBENTS

izuuﬁuﬂuﬁi’ﬁmﬂ% Multi-axis force/torque sensor Wurumaslunis

M52930u39 Fyanaiilannugas dudyanauseiu MdyauasgnaerIu Analog
port 284 ATI controller Wétszuuuaudiiilulasaaulnsaaasiudszanans a1nmMs
UM dyaI MUYl dyaalveiusseulosuasianymsusyau 2 29 v lv
TuTasaaulnsamaslismsasruavasduanalagndas Jahmsudladrgnisuiiy
NATYLN YT U UUALINAT Zero-span TINNMSUSUTBUTUANMUSINUIDWTNAS U T
| 4 1 1 L k4 k4 1 o 1 o vV =
sTuURuBUdaINIsos UM Fy I auslagndasnazusiuginaui luldou Taad

EALLDEN N9
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3.6.1 Waspenedyanause Wusasideiusunansamasasdua o

oo

o

arldasveny INA118P laadianunsuazisnIs6a1asaeensnd 3-1 uasgun 3-17 §

NOBDNTINMTNAaaITEaFya N NIUManIsUSUA Gain Tegliard umudaiznnu

WITWUNN Gain = 2 Wiansaene9astivaly 2 wh hlilalaseaulnsaeaiannse

Bumduanauseoulonivue Jadenld Gain = 2 lumsldnu

Gl’ﬁ”li'lﬁl 3-1 MIapNITUeNY INA118P

PIN ~
- aazdan

R #a
1 Rg Gae Gain = 2 Tagl#fdumy 50k deszwin 1 uas 21 8
2 VN ﬁiytywmauﬁlﬁmﬂ Analog output 300 Multi-axis force/torque sensor
3 VN é'iytywmmﬂﬁlﬁmﬂ Analog output 911 Multi-axis force/torque sensor
4 V- urnasemeauen logldunasineg -15 Tad
5 Ref GND
6 v, Output 3993 INA118P tiathluldnu
7 v+ urnasemeuan logldunasing +15 Tad
8 Rg Gae Gain = 2 Tagl#ddumy 50k deszwiem 1 uas o1 8

DESIRED Rg NEAREST 1% Rg =GV =V
GAIN (1) (1) Yo=G {::;mv'"]
i NC NC G=tr
2 50.00k 49.9% &
[ 12.50k 12.4%
10 5.556k 5 62k .
20 2632k 261k Load Vg
50 1.02% 1.02k _
100 505.1 511 5 o
200 2513 240
500 100.2 100 Ref J_—
1000 50.05 400 :
2000 2501 249
5000 10.00 10
10000 5.001 4.99 .
NC: Mo Connection. A
«[1] ap
Also drawn in simplified form:
] ]
L — .
via[2] s ]ve
Rg INA118& Vg
n o]
Ref

V,; ot

Ui 3-17 1AsEneFYR MU INALL8P wazUdanlnazunINyadNes INA118P
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3.6.2 2999 Zero-span §1NSUMITINTYUIUUIIOILLBULEDS Multi-axis
force/torque sensor Azt Aguiiunsedundwaagluing -2.5 84 2.5 Taad uiadnua
wseaeu 2 11 de duanalimdnduanauindiefusunnssilunwiuny +x wazdan
Fuanaeuiafiusanssriluwuuny —x dedyanaludilulasaaulnsamasoasszuy
ueud uatiasan lulaseaulnsawadfudmuszmanafisransasuduanausiiuld
Tuzn9 0 69 5 Taaa JevhmsundaymAI82995 Zero-span ¥aal3and Offset loaiianwe
WaEIEM 30D IAIARINTINN 3-2 Ltazgﬂ*ﬁ 3-18 Wumswasumussiupasdaanausals
agfluzussdumudasnms Gl

4

o (Nadnannusedludig -2.5 89 0 1aad asgnuldsudyanli
lulaseaulnsasasoruleluri o 89 2.5 Thad

e

o adyamuseadludig o 89 2.5 Thad astldeudyanl
Tulaseaulnsamaserulalutn 2.5 te 5 1ad

MIINN 3-2 MIADNAT Zero-span

27 98LDYN

1 urnasnmeuen lagldunasang +2.5 1ag

2 é’tynpml,mmﬁmmmﬁw 72999952878 INA118P

3 GND

4 urasnameuan lagldunasany +5 1ad

5 urasameauan lagldunasany -5 1ad

6 Output W3 Bipolar to Unipolar Converter aawnlulaseaulnsaans

RZ
+2.5V AN
10kGhm

Rl

-2 .5V...42 .5V AN
10kChm

R3
3 W
10kohn

© 2011 Adrian §. Nastase,
MasteringFlectronicsDesign com

V—

3‘]Jﬁ 3-18 NAT Zero-span
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3.6.3 N15USUINBUF I MUSINUEINTNASe (Calibration) tTUN5

oo
v ]

Wisuiisuazasduanauseiiialasuthuinass eliaiuladelszansmwuazan
Wwiudheasd g snaaadisnsarnimin Munsnesssitamenuduiug
sewhalSinashuindeuazmusedurasduanauss nnmdsememsuwndlshimin
1umiﬁ1ﬂ'm'§\lungqqmﬁ 5 Jaud u3a 22.24 261 T908NUULLALAIMMINABBIEIN
ihwiniamanaduiugseniaUsinanhmingeuazusedurasdanaus é’qgﬂﬁ
3-19 ms‘nmamﬁaﬂﬁvjuﬂuﬁwqmﬁqLtazdﬂfmﬁfﬂshq°"| fhwiin 5, 10, 15 waz 20 i
aulunuauny x uazuny y nmsanuuaztiuiinmdyanaanlulaseaulnsaaas s
neaasth 5 ase Tuusdazihmin

Uil 3-19 asimsnesesiuiigudFy MUSINUINKINASS

AN 3-3 LFMANUTUWUS I INUTNUNVUN B NULAILTIAUDDIFYLN USILUILAY X

Pananhwming (#10%) Ausaoy (Taa) SD
-20 0.88 0.06

-15 1.23 0.06

-10 1.55 0.10

-5 1.90 0.09

0 2.23 0.07

5 2.54 0.07

10 2.88 0.11

15 3.18 0.05

20 3.50 0.08
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NN 3-3 1WUNANTNAFDUANNFNNUSTerINUS I aihvine

LATAILTNAUIBNF AN LSS WU BTN SaMUIMNULIILAY —x MusIauNlaazas

FNUBHNT 2.23 UL NLAENAUNBEMIANINTUAMNUUILNY +x AULNOUTLAazas

[4

u

7NN 2.23 MaNNFNRUSAINE NI IDEBUNIVUEIANNTNNUS ldaagUN 3-

20 lAnIWANNFUNUS BT deaumsh (3.14)

y =0.07x + 2.21

v
P 1 o L% P

X A MUIVUD uwﬂamﬂuﬁaé’fu

=h.

Tag

y  # musseuresduanauss ivhadules

5.0

(3.14)

4.5

4.0 -

w
o
T

()

w
(=}
T

SUNUNBUNDN

%

v
)
(=}

T

a
—
3]

T

U

1.0

0.5

y=0.07x+2.21
R2=1

0.0 I I I
-25 -20 -15

museauzasdanauss (Tad)

-10 -5 0 5 10

15

20

25

UM 3-20 ANNFNAUSTEVIN AUNIUIBITYANMUUTUINNINGN LAY

WELHBIINLNBYUEUATUIININTLIN Multi-axis force/torque sensor 9%

aIvIaustuazaemduanausaaulduszananatlulasaaulnsaaasinoudaanaaws

Wuaiividn 39msunannsn (3.14) azlaasaunisn (3.15) wivei luuauns

Usuiaululusunsy

y = 14x — 30.96

(3.15)
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I~ 1 [ v IS

x  #e musseurasdyanauss ivbadules

Sh.

Tag

y  de emhwin dwheduieu

M5 3-4 LFNANUFUNUS ST INUSIN AN MUNDNUELA LAY DIF YN MLSILUILNY y

USananhningrs (Fiau) ausaoy (Taaa) SD
-20 0.93 0.06
-15 1.25 0.06
-10 1.57 0.07
-5 1.93 0.09
0 2.25 0.05
5 2.56 0.09
10 2.87 0.09
15 3.22 0.09
20 3.56 0.12
5.0 : :
y =0.07x+2.24
4.5 R’=1
4.07 |
N
Bg 3.5
g 5 |
=
~ 3.0
z 0 |
"
ag 2.5
< = |
2% 2.0
g |
cC &
2 1.5
e
- | |
1.0
0.5| i
0.0 [ T
—025 —2‘0 —1‘5 —1‘0 —; (; ‘5 1‘0 1‘5 2‘0 25

musauzasduanauss (ad)
UM 3-21 ANNFNRUSTEVTIN AU UEIT YN MUTURNNING N WAL y
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WIMRLEERUM ST 3-4 uaaaramsnagauaNNENRuEsTeUs
dmindieuazmusituresdyanauss wuiiilsinmsdrnhwinmanuiuny -y @
ussduiildazagdretionnh 2.25 luwnmadmsudefimamahuinmaunuu +x
wsaduitldazagdrainnndy 2.25 nanuduiusainanaunsadauniuaas
anuduwuslddagUl 3-21 Teanuduiusananifuanuduiusidadu asgninllg
TumsuSudeuiwinuny y Tushlusunsusaanmsdaluil

y =0.07x — 2.24 (3.16)

v
I~ 1 o G4 IS

x A8 et avvhaduineu

Sh.

Tog

= 1 [ [ = [] [ I
y s musseuresduanaus ivihaduled
MMsuAaNNTN (3.16) azlasaannsn (3.17) sivarh Wuanmsusuieululysunsu

y = 13.96x — 31.22 (3.17)
Togh  x  Ae Auwsseuzasdanause Smbedulag

y  #8 mhwin Jmbeaduiiieu
3.7 5¢AUNIIMUVBITEUY (Resistant gains)

[ v <) & ' J 1 = v wa o v
sraumsmurasssuuugluuunineessjuesudhailinaa luiGnaseae
wndszansmwmsiurndailaueulamnndy Tosssuvrasdueaudinmsmuauusaiay
< = ¢ A o o ot 3 1 I'd . .
AaNNFIUUEEalnd Waiiusesnnnssiidlansuasusus Multi-axis force/torque
@ IR I} ¢ o & g
sensor 9M3IVIALIWAzaNM 1 lulasaaulnsataasinmsussaanaduanaiiiie
MUANNBIN DS IuBUAATOUN FEAUMTNUYBITEUUNID Resistant gains HANNTNNUS

v A v o < 1 s v Py
SEMINUSINEENTELeLANNTIVBIUEUA A9auMTH (3.18)

V =kF (3.18)

<~

Vo @e enudiwesiuaud

Sh.

Tag

<~ 1

k @8 A Gain 28450 UNSAU

F @9 usangihansem
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Tagdinsnammanaasensgun 3-22 MusuddieilndnlulGgnaaeus
AINMIENNN 5 HIGU MIUSuM k 0 0.25, 0.50, 0.75 az 1.00 ANAUWTY NS
grhninlagnsudasana 5 16U a9givu tiia Multi-axis force/torque sensor #5393

P o o Y 1 J & = <2 1 J & Py = [
wsannszhazh iduesudedaunionuuseisluwnuny sasjusudindaunazinsie

ANNSIUBUG MUY DIAIINITE THaNINaaBIal

378 5 1A

1 (A 5 o Ve o [ 24' v gl’
iugudteindalulfdmsumsuynamiiauay

sui 3-22 AIAINSNAANUSUM S UBITZUU

eI 3-5 MIUTUILAUMIIUZBITTUUAMIUAN

Resistant gains (k) AN [SaUfBUIN] SD
0.25 3.52 0.30
0.50 7.24 0.66
0.75 10.39 0.27
1.00 15.64 0.52

A < A A v o o/ | a o [ v
AMNAIITNN 3-5 %mulmuuaum‘mwumuﬂm‘n 5 Weunazusua k

9 0.25, 0.50, 0.75 waz 1.00 A LAANNINUANEINNY ENISoUFALaRI5UN 3-23

u
]

P L AR 4 o 4 [ 1 o 4 Sy v @ A v

Wa k Aanlagavazihianuidiesjueudinsedsundias lunenduiuiiadaens
ANNFININHIY zAaepanusLAdaUNYUsUEINTY Tea k NATiasadazdataanus
nau eansah lldszgndldnunumsiuy da WalimsuIua k dazasazviligihe

v X = o o a X X Vg v o A
MBNDDNLLIININDY U nJumsmuﬂa:awamwiumﬂuvjmfmu NIV UTEOU AN
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SEAU 1: Msedaundenn (k = 1.00)
‘U r-z: d‘l r-z: 1 vV 1
FEAUN 2: MIPddUNAau g (k= 0.75)

v
Al k4

: MSLAFUNABUTNENN (k = 0.50)

=

: Mseaaunennun (k= 0.25)

)
ee
e
=
=b.
AW N

)
ee
:e
=b.

D)
>
T
i
L

AU

(50U6
e

<
AN

o 24N W R OO N ® ©
T
I

0 0.25 0.50 0.75 1.00 1.25
Resistant Gain

Ui 3-23 NTUUTAIANNTFNWUSTZNIIN Resistant gain 4HZAINT
3.8 u‘um‘hammsmﬁauﬁ‘ﬂaqﬁuﬂm{

wWuUdIaeINaIn (Dynamic model) B9 usUFdANNEIAYEINSUNIS
Iensingdnssnlassinvesueudneindnludd agmumsadugdiunie Mg
uud wasmsiadoufinasusud dusudieiindaludfaslssnoudie 4 dolowdl & 3
a9 daszluNIsIARBURUUILINY x-y AB NMSLARBUTLAUNTN-008Was N5LARBUT

PUINTIEY -2 UALMTUYUTBUMILEY NMILAFDUNTNVNALNANNNATINITNHUYDY 4

v

G

o v &

Oliveira t@¢ Hashemi [62,63] 0% LAANINNMSAMAUA 2 SLUUNN AW SN

v a

Tuduui1a04n5tARaUNUSLNBUAIYSTUUNN A D19D Global 8¢ Local Tagludiuzas

] s

WAOHNBY global Azuaaeisumiawasiamussiusudainsaudaniy (x,y,60) uaz
S 4 [ 1 I'd = Y . . . v a v v a
aNuSINdaanasnurasiusudamsadeulady (v, y,6) d1ulnna1989 Local
[, y] AsUUUAANUAIYUEUE G93UN 3-24 GIUUFNNIININTAUMENS (Kinematic
equation) THANNFNNUSIzNINANNTWBUBUALIzAILUIAIN T Sansamruale

o g
MNU
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- X

31]“7; 3-24 S2UUNN® Global e Local axis

xﬁ' d'g = |l a 4 .
mstedeuniamsadeuaglugUuuuiuningnsuyas (Transformation
matrix) (JUN8INMSUUBBIANNUTUTUVUANAB19DY Global Wasuiluanusuas
JUUUANAENEY Local eansadagluuulaanaliil

x cos® sinf 0][%r
y|=|-sin@ cos@ 0|y (3.19)
2} 0 0 11l

ANNTWILAZAD V; Usznaume 2 d1uds anuEIMeasuni (Vigns:) WoANNLE

MINNY (Vrop) ENMNTDLEANLAGI1

V= Vtrans,i + Viot (3-20)

Vtrans 0 y

— X

:.Ji‘l]ﬁ 3-25 Translation velocity at wheel O

MNANNLIINSLAFBUT (Translation) waAIAIFUN 3-25 TABUUSINIALODS Virgnso 289

1
Y A

a9 0 2 UNAIBS & UALANBS y VUANADNNEY x-y aansadieulanqil
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Viranso = —sin(0) x + cos(6)y (3.21)

s v v & a & ¢ ~ o ' vy
L'JﬂL(ﬂasa’]wiuaaﬂQﬂNﬂaqNjiﬂWQ’]'ﬁmjLﬂuLjﬂLmE]i v; Iﬂﬂuﬂ']ij'mm']uﬂquaqaE]Lﬂul!N

0 + a; hansadeulanail
Viransi = —sin(0 + a;) X + cos(6 + a;)y (3.22)

Toafl a; Ao duviadudy dvyuasnauiamudaniimazld o = 0°, a; = 90°,

a, = 180° UdE az= 270°

[

andunilwasiusud #a mavau (Rotation) azldaumsesii

Vyor = RO (3.23)
Toail R Aaszazvinesznindouazaaaudnauasjusudiidnondu 0.155 was
Lmuﬂ'mumsﬁ (3.22) waz (3.23) aﬂuaumiﬁ (3.20) %161’@7@5

V; = —sin(6 + a;) x + cos(6 + a;)y + R (3.24)

v a

< v = v ' [ < a v
mmﬂmmmLsmmaa‘[auu%gniﬁmuglﬂﬂummLsa?lmwnﬂmqm Global IG]'EI

@uﬁnmmmmmL%ﬂl;ﬂ"ﬁLﬂﬁauﬁﬁammﬁuﬁuﬁ'?lmmmﬁa@wmmé’a ¢, WHNII0

uaaaleaail
Vi = rqsl (3.25)

Toed r Ap SANYE98D (r = 0.029 WAS) WAL i UUIN 0 DY 3 UNUABN 0 DY 3 MNSIAU
unuAENMsN (3.25) asluaunmsin (3.24) azlansil

b, = %(— sin(@ + a;) x + cos(@ + a;)y + RH) (3.26)
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[

NnaNMsh (3.26) ansaildsuiluamsndlosaanmsn (3.27) aail

[¢1] —sin(@) cos(6) RY .

|¢'2 | _1|-sin(@ + a;) cos(6 +a;) R x (3.27)
[ds] r|—sin(6 + a;) cos(6 +a;) R Y )
[(154] —sin(@ + a3) cos(0 +a3) R 0

TosanasoulaaanssuuNNAD A9 Global LISz UUNNAAINDY Local L@@IENITUNUA

dumsi (3.19) aslugumsi (3.27) azlanail

[#1] —sin(6) cos(6) R _ .
|¢ | _ 1 —sin(0 +a;) cos(8+a;) R CO§9 sind 0 Xr
|$s| 7 [—sin(6 +ay) cos(6+ay) R —S(l)nB coogg (1) Vr
g, —sin(6 + as) cos(d +as) R 6

(3.28)

unUAeILU5619 9 aaluannsh (3.28) asldanuannusyeunIngseuuNnnsIed
Local 8Nsouaaslaaiannish (3.29) uazanmstiazgniszanduszgnd laluaiuaas

Tusunsuinalummuam UMUNLaNANINNSLAR D UNY DI U UG
9

000 3448 535]
—-3448 0.00 5.35] [
0.00 —3448 535 '[yr‘ (3.29)

3448 000 535] "¢

w

—
2 ® 7

1087 ¢y, by, 3, s FD ANUFNTIYNYDIED UBE %, Ty, 6 AD ANNSWBIUBUG USZUY

[

NNMDNDI Local

3.9 msmuqmmuazmw{%a (Force/velocity control)

SIMTUNUNTM I UTINAUYDINY BT LA UBUE N1TAIVANLIILAL
anuzasjusudiduiugiulunsaivanmsiedsuiivesjusuduuuealnad ns
MIUANNYANIIHMSLABBUTITENusudansoutsaanily 2 Uuuy @ Active uaz

R PR v o . 44
Passive M 3tAdauNaannaniny laaguuuy Active IusudIzmUANNMIAFUT I
Tusigmangnlusunsnliugr maziiuirasasiaiousiuazlounauinliszuuiive
TogUussandlunsnIuagNiueud d3ugULUY Passive NYBEAINITOMIUANGILNINMS
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tndaunvasiueudlilulufiamenidesmslaaieusadueld (Contact force) [72] wilalu
d'q Y [ 1 A 2y v v [ 134’ v 134’ nﬂ' d' k4

mMeeanfifdniumsmuguiueudiizinaaludddhuiumsiuynduilauauniieidas

nudadnacmuanulasany ANNEEUNY LazdsEENEMWMNTIINUABNTAIVANKS

Meuan (External force control) 11ta@ualae De Schutter wae Van Brussel [34]

¥
adA

Faldizauiidrdgunsdanaifiumamuauilsansoasuldaeil (1) 354
Usznauds 2 gauauiagumauanmuguusaazgimelumuauenu duias
naniaedamms Switching 18903 2 gUAIuAN (2) MansalEmamuguaieshauasd
anuthidadiadviumsmuauiifivszansamld Wy msmuauuuy P v3s PID (3) 33
ifendastumamuauenudiasmamuauusslufiamaientu Caresian uazhoda
mamuaniusud (4) msUszananamemumsmuguliduglassadaenuadasnn
ymeaaurmand uazsulsziuismsmuguyniiameiadail Sumnzdmiumslinui
daansanndaanny (5) uaﬂf\nﬂ*ﬁé’aﬂa%ﬁuﬁﬁﬂﬁmsmuquLLSQLLasmmL‘%aw%auﬁu
166 Tassnansomuauusslumsuunlasusmumiasusudldoudoms

RNMSANHIZEY Wan Nurshazwani Wan Zakuria [73] 23805018 DILNURNS
UdaNnlaazunINYBIIEAS External force feedback control waummjuﬂumﬂumsmgauﬁ
pENDETE é’qgﬂﬁ 3-26 wrusaserhnuldmuusiiigasns (F,) Guduiinsesd F,
Huguduasuauliiansamdouildaunhasiivsaiiaduasedulmesasiusud us
pauFuBsfinTIINLIE NNy EduLauaud (F) azadedunisiidasmsiiin (Ax,)
Thfussuuusud Mntuwsujusudasedeufinndmumisfyiuiienudinudad
apaust luwnmadendusuil 3-27 usasdaunuisufenlaozunsurasjuauddsatln
é'miuﬁ'a&i’m%'u%duvjﬂéﬁmﬁaLmu Toasuduaziiusefigasms F, = 0 Wusudazlifingg
wdaudl danywdimaiuuaziadautegunsalfuiauy usimauauasssiauyuduas
‘vjuﬂu@f (F5) Qﬂmmi’mﬁwmuma% ATI force/torque sensor meauaumﬁ%gﬂﬂﬂﬂ
Wisuiguiuusaigasns (F; = 0) uazazaiesuniafigasmsiiingy (AVy) NN
tujusudazdauiinndmumisiagiuiienunudaduzeuss da av, fauiuiy
(+AV}) ﬁuﬁaLqumauauaqszwﬁwuguﬁuasﬁuﬂuﬁ (F) ﬁduﬁu%u%ﬁﬂﬁﬁuﬂuﬁ
wasuiiinaulumuiamesws@anudimudadiuiuua) wasdn AV, fdanas
(—avp) sz livusudiadauiitasaunssns av, Sanflugudvialafiusensside
Wusud usudazvaaaaud msussuunasjusudnsindaTulaasfimsdamauiag
NN 9 20 FadIum AoamuiiAsuuiasasssuy v‘iﬂﬁ’msl,ﬂ?;auﬁwmﬁuﬂuﬁ

azgnuiu waguadeeatilasuwuuaalng
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Xr
Fd =0 ef AXf Robot Fs
— Kp P Robot arm -
Controller
Fs
Force/Torque

A

se€nsor

sui 3-26 UWHUEIUADN lADZUNINYB9I5 External force feedback control

Encoders

Pradefined robot
Ve Start velocity Wy

9 i

W, AV, )
= =(.-H\' ' Velocity control

Force control

AF
F4=0 ARV Signal Multi-axis
/

processing Force sensor

L
[

Y

Programmable
Trajectory planner

Uil 3-27 unuraudanlaasunsneesid External force/velocity control

MUNITUULUIYBY De Schutter (L2 Van Brussel [34], Volpe tta¢ Khosla
[32], Zeng Waz Hemami [38] 35M15AIUANLUY PI t¥azdInTUNISTMIUANUIILDE
anuizasjusudiiadasmsUszanadmanuionmalassnlidasige lumsmuas
wazmaiindBimeiinanuwiuiuesanuaissmuassuuaUAY Gaiumsiseiils
mamuaNLIKazaNNGauBudLUY PL Rdaneifuilifufiieumnnnhmsmuas
WUV PID tfias91nman Derivative famuhidadyanasuniuuazaradinadassuuiians
Tiieaes Sausimsaa Derivative gain (K,) 122880 Overshoot wazAMILING Settling
28952 UU08n 1Y N15ABUFUBY Overshoot ﬂﬂ&l’l’iﬂﬂ’mﬂulmﬂﬂﬂl% Proportional gain ﬁ

WANEEN [74]
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° a < [
3.10 flﬁﬁl”ll,uuﬂ’l‘sﬂ’a‘uqmwﬂ I,Lazﬂil”la»lL‘J’J?laﬁﬁuﬂum(ﬁ”mmiﬂ’mqm!,I,‘U‘U PI

sULuuMIMmUANLNNEaM N LrUIIaNIAIUANLIIN EA357
ansarhnununuldagammnzaniumaiiansmuanuuude 9 wasiivssdnsnw wiu
MSAIUANUUY PI ¥38 PID [75] I8MIMIUANKUY PL t¥3Nzd1nSuMInIuANLIIUGE

< ' ¢ A v ' a v |

ANNITRBNEUdINadaIsUssInamanuianana Taasinlilsengalumsaugy
waENAHAITUHIBLNNANNUNUILLANNLFDYTAINYBITEUUAIUAN G9NNENINTNAY
FlddnwuasaadulaidanmsmuaNusILazANNTWBIUEUAKUY PL Snsuueud
HetndalusifiiasanmauasWunanssomuwndaiiadiuiau

NIIAIVANLUY Proportional integral Qﬂﬁﬁmﬂszqﬂﬁ%’lumsmuquLm
WAZANNTIWBIULUE LUMTTNNIUTINAUTZHINNY BT UaziusUe Integral windup (U
Yy idasinsantiiosnnilunansenuuuulaidudady (Nonlinear) Yaymiltdaziu
d‘ = as' 1 . d' 1 1
Waiinsidsuudasruralvaily Set point Wae Integral term NABDUFUDIADAIAIIN
Hawanadsaauadinaliiiia Overshoot 3nntiuluain Set point tieuAdayy Integral
anti-windup azannsalalagldisauan PI uuulddaiisamena aslamsguauaes

] c} T d' d! = d'

181 T wazdNaINlidaliias k Felin1sidsunlasaInauns (3.34) tnanvas
proportional L& integral uFlUFNMS (3.32) waz (3.33) MUY [76]

[

ANNFNWUSUIENMT PI Luuaatiaan NN xsouaadloadil

t

U = ko lyae(® = YO+ ki | Diae@ = y@lde (3.30)
0
YED) U(t) = kpe(t) + k; [, e(t)dr (3.31)
Toeil  ya(t) @ w@iwauaanszuIumafidasms

y(t) @8 2IVNeUBINITZUIUNTIHN
e(t) A9 ANUUANEINIZNINMNADINMIUBZAININ

Ut) @p 11ineuesmsauaN Pl

Ky R Proportional gain
K; Ap Integral gain

t,T Ao Wunadaiiisewazmsguanuzaenal muaau
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@ a e o d X ] % v
ganasnnlunmsauan PI Aunaduwuulydaiiaamanal aglgmsguau
YN T UATT NN NGB k SsamuIMMNaNMIaa il
M3AIUAN Proportion (P) wuuligatiias sansadeulaiy

Up(k) = kpxe(k) (3.32)

M3MUAN Integral (1) wuuligdatiiasmenm ansadsulaadaluil

k
Uy (k) = klzjzoeo') (3.33)

A4

Al LariweraImsmuan Pl wuulidailiasmane ensamuualaduail

k

Uk = kpe(k) + k,z e(j) (3.34)

j=0
Tageilianaguaiadniasuly Ndnnm (k- 1)

k-1

Uk —1) = kpe(k — 1) + k,z e(j) (3.35)

j=0

[

MIMIUANA PI NitAUAzUaaNeY AU(K) sansadmunmlaasil
U(k) = Uk — 1) + AU(K) (3.36)

UNUAMENMS (3.34) way (3.35) avluaums (3.36) azlansaa lUil

k

AUGK) = kpe(k) + k,z'

Jj=0

k-1

e(j) — kpe(k —1) + k,z e(j) (3.37)

j=0
AU(K) = kple(k) + e(k — D] + kye(k) (3.38)

[

aaty ana3fin PI Muiaugnivualasunuaums (3.38) asluanns (3.36) laaail

U(k) = Uk — 1) + kyle(k) — e(k — 1] + k;e(k) (3.39)
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lunsdimuaugumalu: msmuanenudiasjusud manuiionaia e(k) M350
Munaulaagil

e(k) = vy — vs (3.40)

wazlunsdimuangUaausn: MINIVANUIYBIHUEUS AeNURaNaIa e(k) SN0
M laagil

e(k) = fa— fs (3.41)

lagn Aa wINEBINs
d
fi 0B WNAN (9NATINIAGE ATI force sensor)
a S dy
vg P8 ANMFINAINS

<~ < a Gl v s Y U4
Vg A ANNLIIN (PNANNAMNELBULEDILNING)

PNIUTA 3-28 uaALKUAIUEDNLADLUNTHTBIMIAMUANUIILLAN NIT)
MNNIAIUANGUMEBUBN (Force control) MIANNAANAIA e drxnsamvuaiuay
LONANYNVUINTEHINUIADINT (f,) WazUs9939 (f,) Tuyasii d, Aaafitlasuulas
Tuaranuiionain (e) lurhusadenuaanuionala () assmsmuangumealy
(Velocity control) &1H130MAINANINULANGNYDIYUIATENINLDIINALBINITAIVANLLS
(vg) MUANNEITS (1) wae d, Aeeditldsuntadlumanuiionaa () nadwivas
mamuauee PI sansassyldnndiidinduaas (AU, fignudlalasmsinamnay

Wihwes (AU,_,) Bgnusunauinsaralaulldsjusuddeiinaalud@uuuEealnad

Encoders

(actual velocity

Inner loop: Robot velocity control

P Kyel) P, K,e(0)

ng B8 K:j:e(z)dr

R Rt 7 Rt e LRt ) 4 P T BT o o R M o S i A

f: Multi-axis

Force sensor

sUii 3-28 udanlaszunsnrasmmuaNusItazaNNEIMElEMIMUANKULY PI
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3.11ﬂ1saanuuufﬂiuﬂsuﬂauqunwsﬁ1qwu

duileduedeimswanngsendurfrasjusudiefinsaTudd Taafins
MUUEszUUUUAMS Windows wuuGealnad dwmsumsmuqululaseaulnsaaaslsy
TUsunsa Arduino IDE fiduzanduasiuuy Open Source Software muniildiaa C/C++ Tu
madeullsunsuuazaanlndasuaialulasneulnsaans 1Hlumsmuaumaindauiines
Wusud anudwewamad uasirurasEinia Summstamstumuiges ATI F/T
gamma dviumsdadadomstugld asl#Tusunsu Visual Studio lusUuuunuunile
(Graphic User Interface: GUI) ﬁﬁmsﬁwmuuuwﬁmﬂa%uﬁL'%al 171 .NET Framework
sasfumm C# dmdumadeulusunsy Sneazdendsil

3.11.1 mMseanuuugaWduIsaae Multi-Axis Force/Torque Sensor Data
Acquisition vFuduilasdynnn ATI F/T asgniiaassswiniusuduasgasasduuay
TosBuduuwafizanaiaussiiiodunazgndeiugs ATI controller fayaasiings

F0e1560U Analog output lUgelulasaaulnsataas (Arduino) Uszanananald

START

| o
v
Read strain gages

(S.G. vector)

v

Saturation check

v

Initialise the sensor

'

Vector calibration ©

to achieve F/T vector (F)

F=CxS.G.
Y
T
I
Selestinf output chanel  f-————-—-————-—— *} None }
I
L
- - \ A
=" |
,,,,,, 4”1,‘ f,,,,,[,,,,,‘
} Turn on } } ASCII/ binary } Optional
T |
I discrete I/O } P formats } Analog output
,,,,,, A:,:,,‘ P,
} Optional } } Optional }
I I
I Parallel /O | | Serial /O |
Lo Pk LoD ———
w ]
I |
v | A

3‘1.]‘?! 3-29 Software Design for Multi- Axis Force/Torque Sensor Data Acquisition
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3.11.2 M9nuuusaWduIsua9 EMG Data Acquisition §1%5UNIS
amviadaanandanilaazligunsal MYO armband Gedauinasuuausasgldnu Tug
gunsolazlinumesdainanaguinusey q 1w 8 gesdyana EMG TeaGudumugas
aniaduananduiie EMG Ltaquﬁ'agmﬂuqﬂé’mﬂpmﬁy’q 8 Faedyanudemsihudes

1
& =~

Bluetooth 14 Sample rate # 200 t§50% lUGIANRILABINNNITITEU GUI LEAINE
danunauLila EMG

START

k—

MYO armband read EMG

(Raw EMG Signal)

Y

Amplifying

Y

Filtering

!

Sampling

(Digitazing)

Y

Preproceded
EMG Signal

Y

Output chanel

bluetooth

Eﬂﬁ 3-30 Software Design for EMG Data Acquisition



3.11.3 MWIINMIBBNUUUBBNEI TR UEUGIEHN S0 WG

GUI: Visual Studio 2017
Initialize serial port()
Open_serialport()

y

Initialize ATI force sensor

Selecting output channel

y

RS232 Serial
Vector calibration (C) .
communication
to achieve F/T vector (F) [
F= CxS.G. \i
y ATILE/T
Acquire force » | Controller
signals / L

Switching mode

A L
Call Passive Call Active _ | Call rehabilitation |
assist therapy assist therapy function
| Calculate and convert Transform outputs
to force values intoA(X,y)
v and transmit to the robot
PI Force control Y
. Receive Velocity
algorithm —]
¥ acknowledgement
Transform outputs
> into A(x,y) Approach t0
and transmit to the robot desired velocit
y yes
Receive Velocit
Ve Encoders Save data
acknowledgement . .
in real-time
Bluetooth
no
desired velocit Serial no
Bluetooth L Test completed ?
yes communication

communication f
Save data

External Computer
_ Serial communication .|
< >

in real-time

(monitoring/ Close serial()

capturing data) Close file()

v

End

no

Test completed ?

Close serial()

Close file()

End

gﬂ‘ﬁ 3-31 Flowchart diagram
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nn3UT 3-31 wansdenwnnrasmasanuuusanduITaasusudIe
finsaludid TosSudunnwihaauaasuaimasanuuy GUI dslusunsy Visual studio
2017 fimsideudauazasioyasiiu Serial port IMsiFoudaiuBUBDIATIITALIILGY
Tulasraulnsaaasiimuguiusud sULuumaHOuzajusudil 2 sUuuy da (1)
Active assist therapy 28] 2 TWu@NISNUAD Point uaz Path fillwanmsmilauiy fa
szuvazsaiudumiviadumeiiaslijueudindauiivnwaudibeluduthvane le
Ié5ulalasaaulnsamnsaziszananatiiomuaumaindouiivasiusud wfilguizadon
dhansanaiaanuiiiimuaudisdanadiiu Pl assmsanuauanuid iWaueud
wdsuiidathuinsazvgamandauiiiesaithuanedall Tusswirimsiadeuiians
HUBUETNBUININEL LI ULz I AZBILTILAs M uaasdyanandaiiiad
a593adeUannuau MYO fimsiiandesnu Bluetooth snansatiufindayamslinuld
ez (2) Passive assist therapy szumjuﬂuﬁ%ﬁmsmaﬁmLLN@]”mmuLwa% Multi-axis
force/torque sensor AMIAIUANMILANDINY PI 20INTMIVANKI M IUsTMIHAHIY
lulasraulnsamasilamuaumandouilnasjusud Wevusudiadauilaziimugeii
dhsvaasniaanuiifieuaudiadanaifin PLaasmsanuauanui vusudas
\naeuRiNLTITinshduaud MThIBUIMINAILLFILIMILAZIINATBILT TINEY
fimsuaasdanandmilafinsiaiadislaanuau MYO ansatuiindayamsldnule

Wusudazngaie fiusunnszhnianaamsiau
3.12 Graphical user interface a3 msﬁwmwmﬁuﬂusf

ﬁuﬂw‘fﬁaﬂﬂﬂé'miuﬁ'aﬁﬂwsaaﬂmeLaza%N%uLﬁaﬁaﬂ%uvjﬂﬁwmLﬁmmu
dmsugithelsavasnidananad loaiinsaanuuumsNOusINiusEnINYueudiailn
anlul LLa::&;JI'ﬂTJEIéI’JEI Graphical user interface: GUI @2alUsunsy Visual studio 2017
Lﬁﬂiﬁdﬁﬂ@ia;ﬁﬁqwu TﬂﬂﬁgﬂLLuuﬂqﬁ%'uﬂﬁﬁNm 3 uue do

3.12.1 gﬂLLuuﬁqﬁ%’u Active assist therapy W8NASTNUABRILATDIAE
muQumimﬁau*?'i?lmLLﬂu@'ﬂaﬂlﬁlﬂﬁluﬁﬂmq“?;Qn‘[ﬂil,l,ﬂwlil,é'ﬂmﬂﬁ'ﬂmﬂmwﬂ"nﬁ'm 1%
iuﬂ'ﬁﬁﬁﬁl,lfzm;jﬂmbjmmsmﬂéaulmlﬁl,aq Imﬂgﬂu,uuﬁﬁ%"umiv‘hmu%LL‘u'qaam‘fJu 2
sUwuy @8 (1) Point Q’ﬂaﬂ’mmsnL'éiafwhLmﬁqﬁﬁmmﬂﬁ’ﬁuﬂuﬁmﬁauﬁlé’muéfmms
FagUit 3-33 waz (2) Path fihaaansodandumisuazgueiidasmslijusud

4 a v v @ =
Lﬂaaumlmmumaqms GNE‘L]‘V] 3-34
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3.12.2 3UuUUWNAZY Passive assist therapy Hnann15¥19ude (U8
o ' 4 = ' a = v v ot
sansomugueunismsedesuiizasjueudliluuiianenouesdasmsla Talunsdin
PR v Ny o Py
wanpaagthaainsozdula aagun 3-35
3.12.3 3UuUuNIAYY Game therapy tUun1syAanssuuysinduinud
lﬂl 4 Vv &l v | | = Aﬂ' b
inaadausenszguiazusagelalumsiluneesilyd lasazdradaasusaeineenis
& a I v v Ao o @ &
waaulm Msnes wasnsde Wudu udsduuviiddasiannluaseialy

@
a L

En gRutonomous gAssistive cRobot for Ypper fimb cRehabilitation

? ? ?

Active assist therapy Passive assist therapy Game

M3~

3UM 3-32 gluuvzesledzumsihauvanzesiueudsetndnlula

E)E

Tosdi (1)
(2)
(3)
(4)
(5)

(6) @p msaadadamsiuuaialulaseaulnsaaas

8 Uu Home tyasnaugninman

E)E

ﬂq&l MG Data LLEWN‘ZIBNa?.IENﬂ’i’]WﬂmﬂJ']mﬂa'mLLI’PJ EMG ann MYO

Jauingn ﬁmqmwmﬂm%u Active assist therapy

U

b

3]

5=

NL‘ZI’]ﬂﬂ’li‘VIN’lu‘llmﬂﬁﬂ‘Zm Passive assist therapy

b

3]

5=

umaﬂﬁmmuwmﬂmwu Game therapy

b

3]

5=
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En ftutonomous gfssistive cRobot for Ypper fimb cRehabilitation
Therapy > Active > Point

®

| [RPM: 0.03x: -68.y: 22

STOP

Ot

RPM

=)
<]

2]

_@

|

40

o

X:-95Y: 14

Create Excel

==

3UN 3-33 Msvhnuzeslania Active assist therapy JUWUU Point

logh (1) @8 Un Start/Stop dnuGuuazrgamsvhnuaaneizy

(2) @s Yatuanudy druasenudiaue 20, 30, 40, 50 Uaz 60 UGB
i lagdaEuaunsnanuagn 20 saudpnd

(3) P9 WENITITMIANNSILALFILAIILIU x-y NABINST

(4) @9 uaMNUNMINNULBIUBUFLUINU x-y DUIA 45x100 HUALNNT
Tagnshnuagly Quadrant 1 2 Aa -x uas +y

(5) #@a yavdacmuminglddasmslddueudindaunly

(6) @p I0VIDTYANBAUNUHIUAUWBIUBUG LADDUNMNTEEENUEUG

d‘ d' v o ]

WaBUN U Usenauale wsauaseuni

(7) @D WIMRNANIBMUNUINARINS uaaslaensiedaunvaasng

(8) e Uunne@unrie use wazdanananilalulng Excel



¢tn gftutonomous gfssistive gRobot for Ypper fimb cRehabilitation
Therapy > Active > Paih

20

’ Round ‘ ’ STOP ‘

g
[
E]
[
@
i

Geometric shape Triangle

==
CSB A _@
: HinEln

Create Excel ‘ ‘ Export Excel ‘

UM 3-34 Mavnuzeslend Active assist therapy JUWUU Path

Toed (1) @
(2)

(3) @a sUsHNMUUe Usenaume point, circle, square WaE triangle

Uu Start/Stop wuTauazrgamsnNuaIeizy

o))\

8
8 MnusaurseuaIn ligiheu $15ee

u

)

(4)  #p UnlSuanud) H5nue9anNEIaaune 20, 30, 40, 50 WAz 60 SDUAD

9

i lagdaEuaunsnnuagn 20 saudpnd
(5) @o yavsadunisiglddasmsliusudiedaunly

(6) @a vuninmeunie use wasduanmnauilialulig Excel
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n utonomous gftssistive gRobot for Upper fimb cRehabilitation I_@

Therapy > Passive l—@ r@
FX: 0FY: 0

| \§/ 2X:0Y:0

’:” AN
/ STOP
J’ ‘\
r L
\

1
i
!
I
; :
:
/
‘\ I
kY Geometric shape
®

b ®

------- E----—"— Square
]

Fa miPassve_Tik){130}{2018/5/25 16015100 00 00000000

:PassweFom: miPassive_Tick)(130)(2018/5/25.16015100 00 00000000

{PassiveF ‘ Tick{13042018/5/25. 1601500 00 00000000

:PassweFom el Tickl(130}2018/5/25.160:500 00 00000000

{PassiveF ‘ Tick{13042018/5/25. 1601500 00 00000000

(PasslveForm cs; ssive_Tick}H1301{2018/5/25.16.0:1510.0 0.0 0.0.0.00.0.00 Name :
fa ve_Tck}{130}2018/5/25, 1601500 00 D0D00DND

:PassweFom cslit Tikl(1302018/5/25.16016100 00 00000000

{Passter ‘ Te0GILsIE 601600 00 00000000 :
{PacsvaFom celi Tikl(130(2018/5/25.16016100 00 00000000

{PassiveFom cs}imPassve_TickH{130/2018/5/25, 1016100 00 00000000 Create Excel Export Excel

@ Resistance
gﬂﬁ 3-35 MIMNUVBINIATY Passive assist therapy

Tagh (1) @9 U Start/Stop SMSUGNUAsHEAMITNNUBBINIAAY

)y

(2) @B muuammmwmé‘lﬁ' wiheiiau

(3) @D SIULEAEIUNINYDINUEUG MNSEUALNAT

(4) @o ‘IJNL‘ZIGIMHEI‘MG]LWE]LSNM’SVI‘N’IH

9

(5) @p 1434Laaﬂgﬂswmmwu@LwaLﬂuLﬂmmsﬂﬁgﬂ%mﬁauﬁmu AigUIN
Circle, Square, Rectangle, Triangle LLo% Infinity ﬁﬂgﬂﬁ 3-36

(6) @@ Ltamqﬁuﬁmsﬁwmwawjuﬂum"luszum X-y YUIA 45x100 LHUALNAT
Tosmavhnuagly Quadrant 7 2 fa -x uay +y

(7) @o LLﬂmgﬂéN‘ﬁﬁmuﬂLﬁaL‘fJuLi’Jmmﬂ

1 s

Ap Yavsadnantalunuueud laadadaunionussesnviugudnaau
(8)

Tudsznauae wsanazenuviua

=b.

(9) @ uFMIEmUYUN WS uwazdyananauilenlasu
(10) @ Yuinadunis use wasdananmaiialulng Excel
(11) AedudFuszaumsanu aelzNTEaU 1 (1.00) 580U 2 (0.75) 80U 3

(0.50) wae 520U 4 (0.25) laaAmsNAY fa 52aU 1
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A9MINABIULATHANIINADDN

TuuniiazadunatanisnadauanuadasmwlasanssousY Uz
Hndalud@nasnuuvaniaduuwimelumsiuynaniiauaurssgihelsavasaidan

aud loal#msmuauusIuazAN3I2a99eUURIEIS External force/velocity control UY

1 1
o o w oA =

WUFIUMIMIUANLUY PL dnSuniideiidandrdgngadnadimislumswaindiums

v q

] ]
= =~

AIUANABNITBBNUUUA PI Gain Nivanzanngarialitianisnauaussdassuuni
Uszandaw Jaaduladimswannmeiiaee 9 dwmSumsusugu PI Gain Thmanzan wu
Ziegler-Nichols, Cohen-Coon, Chien-Hrones-Reswick ¥58 Manual (Trial and Error)
techniques Wudu [77] 1u01u358ﬁ15ﬂ1Lﬁﬂﬂ%%ﬂﬂiﬂ%ﬂ@ué”sﬂ%% Ziegler-Nichols LB
@1 PI Gain fi¥NI$aNYBINITAIUANAIINITINALIT Trial and error techniques 28IN3
MIUANLN Halde Gain NitanzaniussuumuaNLaITINIalszgna lEINAUFULUY
o 1 s =2 [ vall ya . . 4

mMahnuzesfuaudheindnlul@lafaguuuy Active assist therapy 3z18n15aUAN
Velocity control Ll,azg‘l_]LL‘U‘U Passive assist therapy azlgns MIUAN Force/Velocity control
<) v o o 1 o W K4 v -
Wuau MsnaassiidaiinisaanuuummanisaanmaimenuynaniiianianIseawss

IS d} CY 1 k4 = U Q.I v z Vv o
wisarasuay Mmatadaulmzasilvauazdadan imsiadyananaiuiiadiagunsel
MYO a3 eHiUssdnamumanssaumsnauzasnaniila sandensusussaums
v i v PN a a P = 1 = v <
uNAzIgiNNUsEENSMIWiNauanad g UuuumMsWuYinadan15a08InI5tn597 09
nawLilanavan msneassganaiumsvszifivanuiawalavesiuaudfigisunna
Wauruluduee g wu Ussdnsmunsiaugesssuurueudlumsiluy sUuuuuas

4 1 S < v
msldnuzasiueud Wuduy
32UU External force/velocity control 3zU3znauais 2 U dmiunis

MIUAN A1 Force loop Uae Velocity loop NiMshnusnfuuuuGealnd asuslam
MsuUMsNaaadaantilu 2 MsNeanIvian Ao (1) msmuqumwm’%a (Velocity control)
waz (2) M3AIVANUS (Force control) Gaszaztdaaea Uil
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{ [ <
4.1 MIMAAaAH 1: M3USUAI Gain 2BINIIAIVANAIINETY (Velocity control)

Manaaasilfumsneaane Gain fivansandudumsmuguanii
nnfinananinedulaldsifiauds Ziegler-Nichols MzanauazanuFusaulums
MruawNitesszaimsnuguanuslildadniivszdninnuazasuauainiy
GBIn1g ‘?}QgﬂtL‘UU?IEN PI control azUsznauaie 2 dIuUnan | R Proportional gain (Kp)
W8z Tntegral gain (K;) 1083uGUNNM5MAN Gain $1838 Ziegler-Nichols Aauaaueail

1) Yusudieiindaluidgnisdouseneil drluajfihelidesiusids
sanuuulFlFuseiigiheminsamld anmanasesdiselfusuaded 5 fhdu Jahanld
Tumsthahminafieuhassusedeasuyed Ggui 4-1

2) msUFummniiwasauan k; Wu 0 waztiind K, A

3) ¥hmadnhuiin Tesvmasudasane 5 daduasgity s Multi-axis
force /torque sensor AFTUUITINTEINGIBUTREMTHusudARauRionuusadslufiame
unu x saiijusudmsiindaluddndouiidhsrnuazinsiaanuiuazanadey
MINBUFLBNBITEUUNBLADS UazMIAAauRiTAaTL

1) Ymanaaashanda 2 Tasvhmsiiine K, Tuidas | wesnadauau
N30 UAUBIWBITEUUTNTUNTaiIniaLAa Oscillation WUULBNUTIAAIT (Constant
oscillation)

5) tuifinmniiwasmugu k, anud waznmivhlfszuuiimaunied
Fand Critical gain (K,) MAnTWuasIANNFNRUSTBIAMMT LA NE AN
Yaemsuniefidenii Critical period (T,)

6) AMUIUMNA Gain MM IN Ziegler-Nichols Tuning GTWI’]TN?; 4-1

JU 4-1 aeimnaased 1
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#1999 4-1 Ziegler-Nichols Tuning Rule Based on Critical Gain (Ky) and Critical Period (T,)

Control Type K, T; T,
P 0.50K, - -
PI 0.45K, T,/1.2 -
PD 0.80K,, - T../8
PID 0.60K;, T./2 T,./8

NNMIMIaBmMaieds Ziegler-Nichols #lde Gain duil K, #
2.50 uaz K; #a 0.10 selsfmuiialildmiidiigaiiagrilfszuuiilszdnsamw Sevh
MINAFUUSUA Gain LUUIZLDEA (Fine tuning) waqmimuqummﬁ’; TaadszanSaw
209MILARBUTEINTOUaAelaaI8a E_RMS 289MaNana1nlafauraennniiiile
M5B UANNENWUSTZWIN Proportional integral gain uae E_RMS wasanuidy (uluas

UM (4.1)

Yin (Vg — V)2
n

(4.1)

E_RMS =

& °

n A8 NUIUYBIANUSTEUY

=h.

los
v, @8 anusindaims

A9 NN INNNN A ULLD IO TVE

NS

U 4-2 WunmsneassdSua K, #a 2.50 uaz K; Av 0.10 fiudea

= [ v 4 S Aw < a A v S v
NANNTFUNUSVBIANNSINGBINS (V) wazaNN5Ia3e (1) Neruleannauinaser
hswa NnnsInuaaslFiuieriemsduina E_LRMS 289A108A81ALAR DU DY
< J < d‘ kd k4 k4 =3 o o A ) 14 = vV d' vV
AN lasmanusindasnsuaanisiaduiivdmasiusudgniviiauseasi loals
wsef 5 ey FfienuFisavagiuszanm 15 saudainii Janhmammmdayennud?
N589m95 (Average velocity) WlFlumsmuia drumanuEinialennusasuans
matduiudues dmsumsimuiua E_RMS Tusanasuaun 0-100 Jadiui azld
hanminaiiasnniugie Transient Huamasldsuanulrteanuiideasms as

R PPN ° PR R < P
I?f?fNL'JEﬂ 100-350 NA’IUIN sluﬂ’ﬁﬂ’]u’)m“ﬂLﬂu%'Nﬂ'ﬂNLTN’N‘V]
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22 T T T
—Desired velocity
—Actual velocity | |

= = Average velocity
T

20

AR1N)

(soua

<
ANNLIN

0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

) (Faddui)

Ui 4-2 MIMUANANNGIT K, = 2.50 udz K; = 0.10

NNMIneaseliua K, Av 2.50 waz K; Aa 0.10 ﬁ’qlﬂﬁmﬁﬁﬁqﬂiu
msihllFlumseruquanadwasdusud Feiinsneasedium Gain 2a9msnIuaw
AN Tesweeanidu 2 Msnaassia MmInaaselSua K, Gain waz Msnaaasliu
@ K; Gain L17'\'|amwaaumﬂ'w"?;mmzauﬁﬁﬂﬁﬁuﬂus‘fﬁwﬂﬂé’m‘[uﬁ'ﬁﬁﬂizﬁw'ﬁmwﬁﬁ
fign daeeh E_RMS dwmdumansmmanasasaniuluwnmadmsuiumanasssday

% 22l Gain NlAanI5 Ziegler-Nichols Huamnsau lasfizunaunsnaaninail
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[ (Y a < v
4.1.1 mnmeaad: nsdsuen Kp Gain ﬁ”waaﬂasﬁumuqa«mwwmamuﬂw{

manaassiitllunmsmean k, ianzanigazesszuy loata) Gain 1
AunledaInI3 Ziegler-Nichols Aa K, Ad 2.5 waz K; Aa 0.10 e nsusue K,
logiitunauaail

' d =2 v U = Y = o ' 3’ G4 t:‘ a

1) jusudgieindaludifgniveieuseasi msaanihminiang 5 47
oU LedaUTDILTIABINYYE aegUn 4-1

2) Mmaammnnimaimuan k; Wy 0.10 wastdSummniiwes

1
P o w

muay K, duitazsrduluing #a 2.00, 2.25, 2.50, 2.75, 3.00, 3.25 uaz 3.50

3) ¥hmadnhuiin Tesvmasudasane 5 daduasgity s Multi-axis
force/torque sensor ATRTUUTITINTEFBUTIGIN I UsudARauTinussddlufiams
unu x saisiiusuddeiindaluifindouiidisanudnsimsiauaziuiindanusi
suldasanniugesiidnia imaneassh 5 aswasudas Gain iiamanasiia
figanaamanaans

4) thehiufinedunamen E_RMS

5) WSsuguwarIeNinansNaand
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[ [ a < ]
WanIInaand: nrsdsua Kp Gain Gil?lilaEiﬂBiﬁ&lﬂ')UQNﬂ'J']Nﬁ'J?.IE]\‘ITEHﬂHG{

MINN 4-2 HaMINAFRANBYIEUA K, Gain

E_RMS 229A13152
K, Gain \ - SD
(saumadauIn)
2.00 0.88 0.06
2.25 0.91 0.04
2.50 0.81 0.03
2.75 0.77 0.02
3.00 0.85 0.03
3.25 0.81 0.03
3.50 0.81 0.03
1.4
P 1.2 - -
=
[aW)
& 10} i
g
5 0.8 F E . I i x 3 =
O . *
5
=
oy
2 0.6 b
g
Q
g
- 0.4 _
g
a4
0.2 [ 7
0.0 | ! | | | ! |

1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75

Proportional gain (Kp)

Uil 4-3 N ANNFNNUSIENIN K, uaz E_LRMS 2830NL3)

NNINTIT 4-2 uaz U 4-3 usasienamanaaastiue K, Gain tile
mﬂ'wﬁmmzauﬁqmﬁwﬁﬂﬁiwuﬁﬂizaw%mwﬁﬁﬁqm #111503LA1TH laan
anuduWusuas E_RMS vasanuiiiiiieriaadige anmanasasifud K, lug
55T 2.00-3.50 Funquiiuin k, = 2.75 fif E_RMS = 0.77 fifeilge asiiiui

< ' Py v a P v o ) S A & o
ﬂ')”lNLi'l?la\iy‘iuaumﬂ']ﬂlﬂﬂﬁ\iﬂﬂlﬂL%uL‘ﬁaﬁNﬂ’]ﬂlﬂaLﬂﬂQﬂUﬂ')']NLSTVW]BQﬂ’]S INAININ
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aaatedauzasaNNIItasinludimmasss Junmzaniganazinldaivau
ANNSBIUBUADIBRNS A TN

[ [ a < ]
4.1.2 mnmeaad: nsdsuen K; Gain ﬁ?ﬂﬂﬁﬂﬂiﬁNﬂ?UﬂNﬂT\NLi'J?.IE]\‘I‘I'E‘L!EIHGI(

A A v Py P A &

MIneasslitveme K; iuisnzanigazasssuy loamsnaaseiiiuns
NAABINUBAREINUMINADDITN 4.1.1 M lilden K, nanzanigazasszuuuazldiidu
MaauaMSUMINaaas mmsdsua K; losfizunauasil

1 d =2 v U =® Y d' o 1 2’ U4 4:: a

1) dusudmeilndaluifgniiveisuseasd nmsanhniniivag 5 i)
o LadaUTI DI BINYYE aa3UN 4-1

2) hmswaamwniwasamuan K, ildnnmnaasenauniuasuiu
MMNAEBINIUAN K; Jufiazarauluzgig 0.08, 0.09, 0.10, 0.11 waz 0.12

3) hmsaavin lagymsdassnia 5 Tiduadgiy e Multi-axis
force/torque sensor A3IIUUTNNTENAIBULTIGIN IHLBUGAFDUNMNLIIElUTIAN

unu x 2asijusuddisindaluddindauidisanuiiciinsiauaziuiindanuiian

v
=

NUlAITNNABUADSAUIITHE INITNAADIT 5 ASIVAILEAL Gain LNAVIAILRAENE
NgA2DINTNASD
4) NV UNNEUIUIIA E_RMS

5) WSgUiguLaLIPNLRNaNISNAaBY
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[ [ a < ]
WanIInaand: nrsdsua K; Gain Gil?lilaEiﬂBiﬁ&lﬂ')UQNﬂ'J']Nﬁ'J?.IE]\‘ITEHﬂHG{

MINN 4-3 HaMINaaaatNaUsziiua K; Gain

E_RMS 22913132
K; Gain . - SD
(saumaduIn)
0.08 0.87 0.05
0.09 0.82 0.04
0.10 0.74 0.03
0.11 0.79 0.03
0.12 0.82 0.04
1.4
1.2 -
S
S 10} .
5
£ o8l } (] { i
; ’
<
=
Z 0.6 [ .
= 0.4 [ B
5
[a7
0.2 [ b
0.0 | | | | |

0.07 0.08 0.09 0.10 0.11 0.12 0.13
Integral gain (K;)

JUR 4-4 nIMANNFNRUSTININ K; uss E_RMS 289ANNT)

Tuvhuaudeniuanneansni 4-3 uas 3UN 4-4 waasiananisnesaelsu

3
M K; lug9321319 0.08-0.12 tamefitwansannganvh lvssuuivussaninmnange

]
=

namanesasi ldunenuduiusens E_RMS aasanuiaii K, = 0.10 feiidiige
Fumnzauiigafianinlfmuauanuiiwesusudheiindaludd nnmmassuili
I imnzauiigasasszuuamuauanui) tuia K, fa 2.75 uas K; #p 0.10 Aifie
anuAmaAdpurasrNuItasiige dodnflumsmhlissansninaasmsniuga

[~ g ‘U Y Q} v A o d‘ tdl 1
ANNLIIONINYU ﬁﬂﬂﬁnﬂlﬂﬂﬁﬂLﬁN’]gﬂNLLﬂ'fl Q‘V](ﬂaﬂﬁ‘ﬂ’]ﬂ’]‘iLﬂaﬂu%ﬁuﬂuﬁﬂﬂﬂﬂ’l’iﬂﬂﬂ
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o 2 a

wselgvdrnlasrasuendnafonuiugasasaiouse asmulainvueudiings
4 M v a v 4 a a4 4 2 o ¢ o 9 ¥
wapuldafianmendasmsniafiamudiedniuuss Waasnusuadauniueudannyiili
s Ay 4 ' @t 4 o v s Ay ' = o § v
ANNFIIMABINMTNINTY YusudiinsedaundmenuiindasmsadnuEey M

S e a a < ] Al = [ va
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4.2 MIneaasd 2: M5USUAI Gain YaINI3MIVANLIY (Force control)

manasasitfumsnhauiindussnihanyeduasvusud Tasfimsauas
WUU External force/velocity control ULHRUFIUMIAIUANKUY Pl HuADHiNIAIUANLSS
WazANNLE MINaansiiaslail#is Ziegler-Nichols tiinsmnszuufimsmuauusiuas
anudlunaidiendu limsmeithldssuuiomsunieinge Oscillation WuUUBN
U3gansit dadlFussiiasiinaaamsuiua Gain 3aflululdenn 391438 Trial and error
techniques Mifumsnasiaansgnlaslinysduasiusudiniuaiauilumudunad
fvuaiameanuaaaadaunasmaiadoud manaaasifaslidumannaiy
huminglumsnassnilasnnidudumedlimaanuamandaulddiian tudoywd
wenenuapnusuadauiusudlumudumaenaiifivue usuddauniauiinu
fameasusauazinmnmumiimaadoudl daiuisfimssenuuumanasssianagaum
@ Gain TMINzaNBBINMIAILANLT Laad1BeganIsnaaasnaglil 4-5 Tiuywduas
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wapuidusudlumudumaenaniidivue usudaziimsdauiluszuny x-y ms
naapsasMsUTuM Gain uazmaiedeuiiusudlimudumennaniimmueiiiag
fumiimsiafoufinasueud e Gain Mvanzayzasmamuanuss asvh licumile
malafauiirasusudimenuamandoutioadlafisuiudumasdumisiananay
fifvue Tasdszandnnaasnmaiadauiianinsouaasldlosar E_RMS vasiau
AnaLARDUBBIMTIATEUT Fp e E_RMS fientiasazihliszuumuauiissansmwi

=

2]



82

Ui 4-5 semMInaash 2

manaaasiifidhiumanesssinny 20 au Tasmsnesasudazaiaas
yhihdnnu 5 afidamstiumwniwaimuauiemmisifienuiidaie Taans
nasaszlignagaundouijusudialiiarnuduiuiugamnasss fnagouazils
vuihaidawIandiehiians NeilaiemuugasasiuLauiivusud dusudasgnig
TudunisEudu damahauduiy gnasaudauadauiiuaudlumudurnond
dvualy TusasdiGuiimsenaioussiiufinsesusuasdumisiusudiadauily
dSuNINAaaeIBNI5AIVAN PI external force control azuivaantdu 2 drunan o Aa
Proportional gain (K,) Wa¢ Integral gain (K;) Lﬁaﬂ’lﬁ’l Gain ﬁmmxamaqmsmuqmm
warmUsEAnsmwnsiauazieneldan E_RMS 18901A0N01AR0ULDINTS
LARaUT GaFuMST (4.2) dwﬁlﬁﬁwﬁdwﬁaﬂ%ﬁﬂﬁ’ﬂsxaw%mwmsﬁwmwmswumuqu
PI i

Z?:l((xd —x5)? + Va — ys)z) (4.2)
n

E_RMS =

n A9 NUIUTBIMNUTLHY

Sh.

Tog
X3, yq 0B VI x-y ABINNANNINVUA
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E_RMS 229011544 Radial Force (32611)
K, Gain -

(LTUAMHAT) Mean SD
0.2 2.21 11.53 1.04
0.3 1.81 9.33 0.57
0.4 1.72 9.45 0.24
0.5 1.56 8.02 0.43
0.6 1.38 7.27 0.21
0.7 0.96 4.69 0.20
0.8 0.98 4.93 0.20
0.9 1.15 4.91 0.21
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E_RMS 22340114 Radial Force (33611)
K; Gain -
(LAUNNAT) Mean SD
0.25 3.38 12.45 0.53
0.50 2.22 7.91 0.40
0.75 1.26 4.87 0.21
1.00 0.91 4.58 0.20
1.25 1.69 5.97 0.25
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Tuhusudenduiumsnaaasiitnuananms il 4-5 wargUil 4-8 udes
fanamananasUFum K, fa 0.7 uay K; luzsening 0.25-1.25 azufiuldia Gain 7
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HANNINANR: MTIndaUIANNHaTMENHIAsaIARaUNMENTIBUAHIN YD

U

M9N7 4-6 HANMINAFBILAFBUTNINIENMIBULY (11130 B U A)

v

LAY 1 2 3 4

%09 | EMG,qo| SD | EMG,ye | SD | EMGrge | SD | EMG,q, | SD
1 3.51 | 0.12 3.71 0.74 4.72 | 1.93 6.61 1.22
2 1.86 | 0.28 2.35 0.61 2.71 | 0.64 3.89 0.57
3 1.04 | 0.02 1.01 0.05 1.08 | 0.06 1.20 0.05
4 1.06 | 0.01 1.26 0.25 1.17 | 0.03 1.12 0.07
5 1.19 | 0.13 1.13 0.23 1.05 | 0.05 1.14 0.06
6 1.93 | 0.23 2.50 0.28 2.68 | 0.65 3.02 0.77
7 5.48 | 0.19 6.87 1.06 6.44 | 2.10 7.80 1.21
8 3.19 | 0.38 4.42 0.91 4.50 | 0.94 5.59 1.20

EMGrate (%)
=
T

o = N W A& OO N ™ ©

Ui 4-13 NANISNABDILAFDUNAIENITIDLLAY

4
Channel of EMG

5 6

T
I Level 1|
[ Level 2
Il Level 3|
-Level 44
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AU 1 2 3 4

channel | EMG, .. SD EMG, 4. SD EMG, 4. SD EMG, 4. SD
1 10.46 0.11 10.73 0.80 11.70 1.53 11.98 1.09
2 5.10 0.42 5.11 1.52 5.12 1.47 5.15 0.40
3 1.24 0.16 1.27 0.14 1.38 0.14 1.56 0.16
4 1.20 0.18 1.24 0.11 1.32 0.17 1.35 0.14
5 1.31 0.12 1.04 0.03 1.17 0.05 1.25 0.05
6 1.47 0.33 1.74 0.24 2.26 1.05 2.91 0.62
7 2.32 0.34 2.62 0.41 3.29 1.25 3.80 0.67
8 5.62 0.46 6.64 2.02 7.91 2.43 8.86 1.12

EMGrate (%)
=

o =2 N W & 0 N ® W

4
Channel of EMG

v

T
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[Level 2
Bl Level 3|7
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HanIMAaa: Myiadyanunaisiiasasiignasaundauiicrsfidanisiadaulm

22 lna

v

M7 4-8 WM INABBNLAFEUTIANENIBINIIVE (39 A TUya B)

AU 1 2 3 4

%09 | EMG,qe | SD | EMG,e | SD | EMG,go | SD | EMG,g. | SD
1 3.20 | 0.24 3.95 0.29 4.80 | 0.74 7.22 1.45
2 3.10 | 0.31 2.92 0.66 5.80 | 0.68 7.01 0.99
3 4.23 | 1.70 4.35 1.20 8.83 | 1.34 | 10.53 | 1.40
4 9.99 | 1.23 | 11.05 | 0.99 | 12.50 | 0.97 | 15.53 | 0.15
5 7.01 | 0.57 8.52 4.40 | 10.83 | 0.95 | 14.73 | 0.48
6 2.50 | 0.40 2.86 0.95 5.23 | 0.15 8.12 0.85
7 2.23 | 0.45 2.62 0.67 3.75 | 0.22 5.20 0.55
8 2.89 | 0.34 2.90 0.49 4.35 | 0.19 6.20 0.95

EMGrate (%)
=

o =2 N W & 0 N ® W

4 5 6
Channel of EMG
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FEOU 1 2 3 4
%89 | EMG,y, | SD | EMG,y, | SD | EMG,p. | SD | EMG,o, | SD
1 15.52 3.64 16.93 1.09 18.45 3.16 18.81 1.13
2 6.70 1.61 6.81 0.36 7.96 1.15 11.01 0.41
3 2.24 0.32 2.19 0.31 2.13 0.21 2.48 0.14
4 1.95 1.53 2.64 0.83 2.79 0.22 2.67 0.65
5 2.00 0.52 2.14 0.16 2.19 0.24 2.72 0.03
6 6.26 1.76 8.04 0.62 9.24 2.52 10.18 0.74
7 8.16 2.80 11.19 2.22 11.69 1.92 12.58 1.60
8 13.36 3.62 15.52 0.89 16.46 3.22 18.79 0.94
20 T T
19 Il Level 1 B
[ Level 2
18 -Level3 7
17+ Bl Lee 4 B

EMGrate (%)
=

o =2 N W & 0 N ® W

Ui 4-17 HamInaaaaAdau

4
Channel of EMG

v

NIYNIILN

faanlva (39 B lUge A)




100

NNOTNN 4-8 waz JUN 4-16 LFMIDINANITNANBILATDUNAIENITIB
wilua (330 A 1Uge B) Tuvhusudeniuaisni 4-9 waz JUN 4-17 uaasdeuans
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A
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NAaRILAAEUTNE NS MFATIUNITTININIY EMG,qp 8090 4 Uz 5 HANgauanaiams
LD UNNNATIBNTEAUMTINNUBBINAINLUD Biceps uaziiialimsususzaunsauann
Fuazaina IiENaaslinseanusunndudunaldanna EMG,q., Nguiiaiauiiau

Auurartasduans Tuhusudernumsiadauiniesnm luala) EMG, 4., 5899 1 oy

P

8 HAgy AamevhnulidenszaumMsINNULBINaINLD Triceps IHATULAZINITDDNL

WNFULNBANTUSUTEAUNMITIUNINTY atuUMInaaasitilunstedaunaandans
dsulmzasiludazlumsrilaiivszaninmanenssdunanuiisuaulidau emnsa

ihmaedsuiillidszand THlumssanuuumshnueesjueuddieiingnlui@ds

4.3.3 MINAaaL: MIIaduaunaaiiasmsiiinasandauiimaiidanIs

t@daulnIuaITaAanN

.2.’ [~ o = Y [ d‘ v v
msnaaasililulyluhusudenusumsneassi 4.3.2 Tealvgnaaag
& AY aw & v o~ Y P

dpuimeAerasmsedaulmuasiadan leadifsiunaass 10 au fnaasssinlasn
W2 MYO USHIMAULIN TRUMMBMENaUIE uaudazgnanainge A gnaasaring
TNUIUININUUYATBIS VLYY WBUATIVINY 90 BeAeNFUN 4-18 (iBLTNMNTTIINIUE
NAaBINMIAIBUNYUBUAAIENITNBABN 90 83 1130 A LUya B vmstuiing,
duananaruiiaiialamevaanuay MYO 53u89insUSusEaUMIAMUMEmNuae
wialvgneaasldaanussnniu Mnsneased 5 A5G INAABY HAINUUINNSG
dsunicamswmisadadan 90 aee 1nya B LUy A nnsneaasluwuimadeny

wazihMNUUANIeNLATOFIUYNTUIUNINELD (EMG,qre) LNBUEANDIUSZEND NN

] ]
o

AMSHNUNON sﬂaﬂﬂizﬁumiﬁwmﬂamé’mtﬂmmﬂﬁﬁﬁu
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Ui 4-18 aenINAaei 4.3.3

FunpuLezIEaEEaMINAaDIfiaal

1) sammsnaassuImaiierfunmsnaaasd 4.3.3 Knaasadinlaan
Wy MYO uinmduuay Wuuisisandeslumhans TNUIUNUUYATBITULIUUY
NUEUA WIUATINYN 90 B9 ﬁwﬂm,ﬂ'é';auﬁvjuﬂuﬁl,ﬁaﬁu%uﬁumsmam NN
dusudludumisEuduiinn A

2) MmsUFussaumsenudmduiuesudieilinaaludalussau 1, 2, 3
Uaz 4 MUMAY

3) Li"laLéuw@aaué‘n@aauﬁwmil,ﬂ'é‘au“?iﬁuauﬁﬁmmﬁau,azmﬁammu
Tiifoaanifiugavyu nmsndeuijusudsausudimaidiainga A ludega B lu
wmmﬁmﬁ'u%ﬁmsmaﬁmu,azﬁ’uﬁﬂﬂ'wé’fﬁuuﬁymﬂé'mL‘ﬁawaq@'wmamﬁémlﬁmn MYO

1) vusadmfuihmaedeuiiusudivisauauange A ludae B lu
wmmﬁmﬁ’u%ﬁmimaﬁﬂLLazﬂ'uﬁn@hé‘i’tyﬁywmn51:4Lﬁawm@'mamﬁdmlﬁmﬂ MYO

5) Thmsnaassdsau 5 asssemsusumsiitnasmnaass

6) thedyanmuniuiisudasdasdyanasniensimanaues
néwilaghededuresduanandniialundazias (EMG,q..)
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HanIMAaa: Myiadyanunaisiiasasiignasaundauiicrsfidanisiadaulm

Wagdaran

4 v

M317 4-10 HaNINAFBILAFBUTNIIEMNBTRAN (39 A 1U30 B)

AU 1 2 3 4
%09 | EMGyge | SD | EMGrqe | SD | EMG,y | SD | EMG,qo | SD
1 2.64 | 0.34 2.67 0.34 2.87 | 0.47 3.22 0.11
2 2.22 | 0.27 2.34 0.30 2.60 | 0.34 2.84 | 0.10
3 3.71 | 0.75 | 4.06 0.13 | 4.86 | 0.36 5.80 | 1.07
4 8.11 | 1.23 | 8.74 0.98 | 11.07 | 1.71 | 12.93 | 0.23
5 6.94 | 0.26 7.88 0.59 | 8.73 | 1.07 | 10.16 | 0.58
6 1.78 | 0.14 2.11 0.46 2.54 | 0.47 3.61 0.15
7 1.76 | 0.08 1.82 0.35 2.02 | 0.29 2.55 0.39
8 1.99 | 0.15 2.01 0.29 2.23 | 0.33 2.81 0.31
i I I I hL 11
it =
17F Bl Level 4|

EMGrate (%)
=

o =2 N W & 0 N ® W

4
Channel of EMG

v

5 6

Uil 4-19 wamsnassundauiiciamsiedadan (30 A lU3a B)




M5 4-11 HANINABAILADBUNAN

]
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AU 1 2 3 4

%89 | EMG,y, | SD | EMG,y, | SD | EMG,p. | SD | EMG,o, | SD
1 12.17 | 0.75 | 12.89 | 0.64 | 13.56 | 1.05 | 15.28 | 0.30
2 8.70 | 0.70 8.87 0.37 9.04 1.07 9.96 0.10
3 1.76 | 0.08 1.73 0.13 1.94 | 0.05 2.59 0.94
4 1.85 | 0.08 1.82 0.28 2.64 | 0.39 3.40 0.18
5 1.48 | 0.04 1.50 0.16 1.80 | 0.17 1.91 0.37
6 2.68 | 0.17 2.71 0.39 3.59 | 0.16 4.09 0.15
7 3.75 | 0.25 3.69 0.49 4.48 | 0.05 5.56 0.34
8 5.82 | 0.52 6.17 0.69 6.97 | 0.34 7.21 0.38

EMGrate (%)

4

v

NIYNIFILN

5 6
Channel of EMG

T
e 1| |
[Level 2
Bl Level 3|7
-Level 414

faadaran (30 B lUga A)
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NNOMINN 4-10 waz JUN 4-19 UFAITINANITNANDIUATIUNAIBNTIB
dadan (339 A lU3e B) lurhusudeniueansn 4-11 uaz 3UN 4-20 uaabawants
& Sy o ¥ va o & = v
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azdang ladedssansmwmehnueasuaudazdianssqumsinnuamndniie Wag
NADDUAIDUTNBYBABN A EMGrare B89N 4 WDE 5 HAIEN LAANDINTEAUMIINNUYBY

v X . o o o 2 P v L ' o i
naNLle Biceps Tuvhuaufennumsedeunmteadanan i@ EMG,q., dovdnanud
1, 2 daz 8 HAIEN LaMNBNMINTEAUNMTINNULBINGINUD Triceps 1HATU dnSums
UsuszaumamuiuluTuwwmadennu aliuszaumnniiu gnaassiimssanussiinin
- o & - o § vt a a ' v v 1 U
aueng aanumanaasstiilunmaniiivssanimwlumsdienssdunaniiauauliazy
ansoihnstedeunililszandldlumseanuuumsnuresjusudhelndnTuld
ol

dmsumsnaassi 4.3 Wums@nwnsianuzashaandiaimeile

aanuuuly s Mstedaundiameuazsiizauzy MIwdaunisreidansiedauln
yaa lnauasiadan mnuadimshauiisdseansamlumshenssdumsnnuwes
aaiiauruiusenaumenaIntiie Biceps Uae Triceps 3wHIANDINIINSIVBININLLID

%4 = A& o [ [ v v oo A P v PN a a v
18 swduiaiinslsuszaumsimudududawnmenazhaiindssdnsmwlumsnszdu
leanau matlgluuuiaddunsrinuresiusuddelndaluldlauszgndriineesn
masmalumsiuydrvvasuzuarnmsnaassiichuin Tosuisaaniy 2 yuluu fs
Active assist therapy W% Passive assist therapy 999819t 4UNITLARDUNYUBUAEIBT D
aaluNGannidumennay gihadasindauniusudaianmieuaztisauay waziaiing

ﬁ' LY 1 4 = [ [ Vv 4
wasulmwasmlvauazdadanmunisnasss Sndeamnsalsuszaunsenule 15l

= Y 4 v
ﬂﬁth“Zl‘lm?NI}Jﬂ'}ﬂﬁ’lu’ﬁﬂﬂﬂuvlﬂ
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d. a PR o wa o o X ) X
4.4 NMINEIBIN 4: mstlszmm@uﬂummsj&Inam‘[uammmuﬂmjnawLummu

24’ I a [l Pl 2 [ o}qd‘ I~ 1 I'd
manaaaiildumsnadaumslssiiiviueuddietndn luianiduiueud
v %) z v z o =\ v \l 1
gunvudnsumsiuynarsiiauau Tagviniseanuuudszsiiinludiuedieg v
UszANEMWUDINILATDY WINFUNITINNIU INTINATiaNDendaan U Taassiday
ao a ad . . P ° [ ] a g v Y v
55289 dLASH (Likert technique) An1smnuaszavanasmdiunliudannalmiue

imtinaiay tedsslazddamaihlUlFlumsiese dayadadd aemsei 4-12

MSNN 4-12 LNAUTTMS AzLUULAZN U NMSUTHHUSEAUAN NN WD 12

2 =~ I'd v 'd =
szaUAINNIND la DAUNNIT IR ALY tnawinsUsziy

” = 3
FEOUANNTINE LY NNTIge 5 4.21-5.00
SEAUANNAWE LA 3N 4 3.41-4.20

(%) =1
seauUANNANWDla hunan 3 2.61-3.40

% = v
SEAUANNIIWD A tiae 2 1.81-2.60
szauanuianala deanga 1 1.00-1.80

msnaaadiazutsasndiu 2 drumsiszdiv de (1) MsUseLiiuaea’
Q’i’fﬂﬁﬂlﬁaﬂsmﬁuﬁm Auanyae Ussansmw waszauwemslinueaiiueud was (2)
malsziiudenduiiniaumasssiiuig 20 au tiedsaiumslFnujueudietn
aaluid nsvhau LLazﬂssawEmWﬂawjuﬂuﬁlﬁai%mu%mﬁurﬁwmam Toafidunaums
naaasdsil HFS1urnImasas 20 au fuaassudazauasldunuulssfiudimiu
ﬁuﬂw‘fﬁwﬂn5’6111493’&ﬁm%’u’f}%\lu@ﬂﬁwmﬁmmu 1%@ iiarhmsUsudiu Taenaapading
Feugismsldnmuiusudhudumsuimsiudndaniladuusudaumsissdiv dag
maaqﬁwmsﬂsuﬁuL'%ﬂu%'aﬂ%ﬁwmﬁausm{faa&mﬁaﬁwaﬁﬁ‘[mﬂ%’ fads druidisauy
ANATTIN dY Sa8az warmanNFNRUEsE I NMasnnMImasasiildnnmsusudiv

sULUU BLAsY (Likert technique) Huuudsstiiugamanuin .
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a ] A =] [ ua o Qs gl v :’:’l
4.4.1 MaNINODDN; msllsa:mmguﬂummﬂNnamfuummmuﬂmjnawLuatmu

MU
r-:: ] I'd

1) usgeganjusuddailndalud@suld mmsnasauiausedeais

LAIDIAUTIPI-USINAUUUAIRDa (Digital Push-Pull Gauge) lagvnisnadauluuna:

(%4
=

unu tamusnsshgganueudsulaviayusudnanaila wansneaauiia

1
1 o 1

MINT 4-13 MInaaaumuNgganvueudheiinaaluli@suld

q

AL AL
LAY . . SD
(Alansa) (#au)
-X 2.57 25.25 0.04
+X 2.60 25.47 0.03
-y 2.57 25.23 0.03
+y 2.60 25.53 0.03

'
1 v I

NNHAFITUANAITINN 4-13 ﬁﬂﬁlﬁuﬂﬁqqﬂwwuﬂuﬁﬁmﬂﬂamiuﬁ’a R

q

2.59 Alansy ¥i3e 25.37 Hou

4 %

< ] S 1 o = = [ =
2) ﬂ')']ﬂJL‘S'JQ\?E!ﬂ?IENTjuEIHGl HUBUANNILAIDUN 'JEIW)WNLTJQQE!@ N 100

SBUMBUIN 139 0.30 LNATADIUN

3) WUNNMI¥U (Workspace ) uasideamsiaaaulua (Range of motion)
yovjusudiisilnanlul® Tasudseaniilu 2 uui@s Sagitta Plane waz Frontal Plane
aund g lanuaziauumaniawianmeyinauis 1M9iadeanungaseesunsud
WUBUG SIMTULUILNY Sagitta plane G93UT 4-21 Wiusudminsondauilassazma 45
BUANAST FULUILNY Frontal plane 93UN 4-22 usudaansamdaunlauuszuu

X g da 4w - " .
x-y logiunmuwandidendeaguulds fzwa 82x138 wudnes (n1exen) dmsu

NUMSLAFUN {lFanansatedauniuaudoayn 90 ava aegUn 4-23
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4-21 Wunmsyhauluwin Sagittal S1BSumsiedaun luinemn

[-29)]
=
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Table

3UM 4-22 Wunmshouluwuuny Frontal

Table

Table

JUN 4-23 32aausurnaaes
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v ' A <2 v va o [ ‘3‘1 v cgi’
4) BayavavviusuaIEinaaludfshniuiulnaniiauay

AN 4-14 NYAzBEAAMANHM@WIZ (Specification) 2BrUEUADIGHNDALUIG

ANNFY 23.5 LGUALUAT

ANNAIN 37.5 LBUALNGT

ANNEN 40 LBUANAT

vhwiin 3 flansu

AU AduaLma3 Faulhaber 12 V 11U 4 7

AOAUNDLADS L298N U 2 60

q

éhmuqu Arduino Mega 2560

U Multi-axis force/torque sensor

Optical encoder 12CPR

1) dalaNiivine 58 NABLNAT NUIU 4 a8
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5) A luMsng Steady state MNMINAAIANIIMN laavimsUase
a o 1 v v & Al Y a L k4 04 v
W@ 5 Hiumginy asaiamanudinanlaasnnuwesadisme aslanalums

11Ng Steady state fiB 500 NadINT oagUn 4-24

50 T T T T T
48 — Desired velocity [
46 - — Actual velocity |+
44 - b
42 - 7
40~ 7
38 7
36~ 7
34 b
= 32r 7
=30 7
-G 281 :
@ 26 b
— 24 = —
do 22 - 7
c 20 B
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12 b

oN O
T
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| | | | | 1 1 1
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A (HRRTUWIA)

3UN 4-24 anlumsihg Steady state
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a ] A =] [ ua o Qs gl v :’:’l
4.4.2 HANINODDN: msllsa:mmguﬂummﬂNnamfuummmuﬂmjnawLuatmu
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naneasilllunsUsziuanngngnesssiIuIu 20 A wUiInguy
naasuy Hugns 15 aunazgudeiiuig 5 au I01gwds 20-35 U dwinede
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Wanguen o e Ussiiudszdninmweasjusudiuuuy logluan1snaasin NN

aanaluil

3NN 4-15 wansusaiiudmsuingUszaadasnuive

L FEAUAIIN
318013 ARdy | SD |
awala
1) dusudamnsavhmammwihtauynaniialuduuauld 4.27 | 0.46 | niga
2) Wergumslanueasineuduynaadialuguuuy Active 4
L 4.87 | 0.35 | mniige
LLes Passive assist therapy sansarhnulaegieiidss@nsmw
3) 9¥UU Optimized force/velocity control §%FURUEUATIINI
oA 4.13 | 0.83 Yall
aeNNUIEENININ
1 I3 w v Vv ::5 c: d‘ xglj 4 d’
4) FiusudaansaUsummasimulumsiadaunivemsnuyla 4.40 | 0.51 | NNgn
= L= J d‘ a s Y ‘3‘1 o
5) fszuutuinenialadlumsiwnzinaauilamemsunng
' 4.07 | 0.96 AN
aald
WAETIN | 4.35 | 0.26 | WINNFR
MINN 4-15 uaIdIngUssananINeresnuIve gnaaselianuis

walawnnngadnivvusudarnsotiamaagiheliavaaadoaanasniinisuuy
naNLiiadILIAY BanINTNTWBINANa N TINTIgULUUMSINNU Active Uaz
. . = %4 Y dq‘; v % 4 < v Q'
Passive assist therapy §AudaanaaenunsWuW Msdsuszaumsautunmsiiaing
Uszangmwlumanszqumsrinurasnaaiiasnnu dwsumsdssiiumeaussuy
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L FEAUANN
U3 Annde | SD |
wawala
1) Wugunsaliifilsslemidmiugihalsavaanidenauas 427 | 059 | wniige
2) fianudaiiiaslumstiuy 4.27 | 0.46 | wniige
3) sz fienuminzanlumsuy 4.07 | 0.70 3N
1) dugunsafiifimnanszviad 4.27 | 0.59 | wniige
5) sansawedaudhennaaiinluthuldazein 447 | 0.64 | wniige
6) sansauimsiuylumaeseulmusuldvmeuuy 3.70 | 0.72 3N
7) Ysumsmumadseanaaw 433 | 0.62 | wniige
8) fimauFurhmemstuylonaninmamw 4.20 | 0.41 3N
9) fimsiaReuiiluuisziny Horizontal Plane 4.60 | 0.51 | wniige
10) figasasiuunuiionansaa 4.00 | 0.65 iy
11) gasasduneuiienudionguaansondauillisau 4 1d 4.47 | 052 | wniige
12) HiheauamINaLasANNIINsaNGBE 1Y 3.90 | 0.46 3N
13) 92UU Optimized force/velocity control ﬁuﬂuﬁﬁms Lﬂ?'lau‘ﬁ
4.00 | 0.76 3N
wiansehnsugthe
WheTIN | 4.27 | 0.11 | anniiga
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I 4-17 wanmsdssiiudmsulsdsumsihnueasjueuddeiindalud@amiunuynaniie

Wy
g FELAUAIIN
YN ANRdY | SD .
wWawala
1) m’mmmzauiuﬂﬁ%\lungmmu active assist therapy 4.13 | 0.35 N
2) mmmmzaulumﬁ\lungﬂuw passive assist therapy 4.27 0.59 mﬂ'ﬁqm
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WheTIN | 4.16 | 0.19 3N
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o FELAUANIN
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wawala
1) myanldmansannumsnssqumsinnusanduiiauay 4.27 | 0.46 | WNNFA
2) HUBUFAINTONTTAUNIDNNANNUINUIWININLLD 4.13 | 0.64 )
3) sunvuaszumsnunianuaanndasnumsedaulmues .
u u i
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Wy
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MIYNN 2-1 NEBLLDUAUDN ATI gamma muli-axis force/torque sensor with controller unit

Single-Axis Sensing Ranges

Force x and y +130 N
Force z +400 N
Torque x, y and z +10 N-m
Resolution
Fx & Fy 1/20 N
Fz 1/10 N
Tx,Ty & Tz 1/400 N-m
Stiffness
Kx & Ky 9.1 x 10°N/m
Kz 1.8 x 10" N/m
Ktx & Kty 1.1 x 10° Nm/rad
Ktz 1.4 x 10" Nm/rad
Overload Protection
Fx & Fy +1200 N

AT 1 Fz +4100 N
Tx & Ty +79 N-m
Tz +82 N-m
Physical specification
Weight 0.255 kg
Diameter 75 mm
Height 33 mm

M1519N Y-2 FI8aLLdUAYDY Faulhaber 12V DC coreless motor with an encoder

Motor Type Faulhaber 12V DC
coreless motor

Power 17W

RPM 120 rpm

Diameter 30 mm

Length 42 mm

Total Length 85 mm

Diameter of Shaft 6 mm

Length of Shaft 35 mm

No Load Current 75 mA

Load Current 1400 mA

Gearbox Ratio 64:1

Encoder Type Optical

Encoder Phase AB

Encoder Resolution

12 CPR
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Control chip L298N

Logical voltage 5V

Driving voltage 5-35V

Logical current 0-36 mA

Driving current 2A (MAX single
bridge)

Maximum power 25 W

Weight 30 g

Periphery dimension

43x43x27 mm

M990 V-4 51992108AVDI Arduino Mega 2560 Microcontroller

Microcontroller ATmega2560

Operating Voltage 5V

Input Voltage 7-12V

Input Voltage (limit) 6-20 V

Digital I/O Pins 54 (of which 15
provide PWM output)

Analog Input Pins 16

DC Current per /O Pin | 20 mA

DC Current for 3.3V 50 mA

Pin

Flash Memory 256 KB of which 8 KB
used by bootloader
SRAM 8 KB
EEPROM 4 KB
Clock Speed 16 MHz
LED BUILTIN 13
Length 101.52 mm
Width 53.3 mm
Weight 3g
A1311 B-5 5I1882LD8AYDY Aluminum Omni Wheel
Diameter 58 mm
Axial width 12 mm
Number of plates 2
Number of rollers 10
Body material Aluminum Alloy
Roller material Nylon + PE
Roller Diameter 13 mm
Net weight 79 ¢
Load capacity 3g
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Arm size

Expandable between
7.5 - 13 inches

(19 - 34 cm)
forearm circumference

Weight

93 grams

Thickness

0.45 inches

Sensors

Medical Grade
Stainless Steel EMG
sensors, Highly
sensitive nine-axis
IMU containing three-
axis gyroscope, three—
axis accelerometer,
three-axis
magnetometer

LEDs

Dual Indicator LEDs

Processor

ARM Cortex M4
Processor

Haptic Feedback

Short, Medium, Long
Vibrations
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Abstract. Stroke is a primary cause of death and the leading cause of permanent disability in
adults. There are many stroke survivors, who live with a variety of levels of disability and
always need rehabilitation activities on daily basis. Several studies have reported that usage of
rehabilitation robotic devices shows the better improvement outcomes in upper-limb stroke
patients than the conventional therapy—nurses or therapists actively help patients with exercise-
based rehabilitation. This research focuses on the development of an autonomous robotic
trainer designed to guide a stroke patient through an upper-limb rehabilitation task. The robotic
device was designed and developed to automate the reaching exercise as mentioned. The
designed robotic system is made up of a four-wheel omni-directional mobile robot, an ATI
Gamma multi-axis force/torque sensor used to measure contact force and a microcontroller
real-time operating system. Proportional plus Integral control was adapted to control the overall
performance and stability of the autonomous assistive robot. External force control was
successfully implemented to establish the behavioral control strategy for the robot force and
velocity control scheme. In summary, the experimental results indicated satisfactorily stable
performance of the robot force and velocity control can be considered acceptable. The gain
tuning for proportional integral (PI) velocity control algorithms was suitably estimated using
the Ziegler-Nichols method in which the optimized proportional and integral gains are 0.45 and
0.11, respectively. Additionally, the Pl external force control gains were experimentally tuned
using the trial and error method based on a set of experiments which allow a human participant
moves the robot along the constrained circular path whilst attempting to minimize the radial
force. The performance was analyzed based on the root mean square error (£ RMS) of the
radial forces, in which the lower the variation in radial forces, the better the performance of the
system. The outstanding performance of the tests as specified by the £ RMS of the radial force
was observed with proportional and integral gains of K, = 0.7 and K; = 0.75, respectively.

1. Introduction

Stroke is a state describing the lack of blood in the brain which occurs form having ischemic stroke,
arterial occlusive diseases, or Intracranial haemorrhage. This causes tissue of the brain to die, and its
function to instantly stop. The body subsequently will be paralyzed, weak, and immobilized which
results in the disability. Stroke and its effects are considered the major problem and cause of people’s
death throughout the world. According to the World Safety Organization (WSO)’s record, it is
postulated that at least one person dies in every 6 seconds, and it is the third major reason of death and
disability of the world [14]. Therefore, many research papers have studied a new approach to the
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restoration of the original condition of patients with stroke based on the repeated movement to
stimulate the muscles with an assistive robot. The robot is able to perform the task repeatedly and
efficiently with consistent control. According to studies by Hermano and Krebs [1, 2], they have
developed upper-limb robotic rehabilitation devices, namely MIT-MANUS and InMotion2,
respectively. Each robot has two degrees of freedom (DOF). The user’s paretic forearm is placed in a
support provided, which is attached to a robot end-effector. The user can move the handle in the
transverse plane and perform goal-directed tasks which focus on human’s shoulder and elbow
movement. In addition, a monitor was served to display user targets and provide visual feedback.

An upper-limb robotic rehabilitation device which is the Mirror-Image Motion Enabler (MIME)
was developed by Peter and Van [3, 11]. The MIME robot is made up of a six-DOF paretic arm robot
with the end effector, which has actuators to apply forces in goal-directed movements. The arm is
attached to the end effector, which restricts wrist and hand movement. Loureiro and Harwin [4]
constructed an upper-limb robotic rehabilitation device called the GENTLE/s with a virtual reality
(VR) display provided to motivate users to engage in the rehabilitation therapy. The GENTLE/s
includes a chair, shoulder supports, a wrist connector, an elbow orthosis, two computers, a large
monitor with speakers, an exercise table, and a keypad. The arm is suspended to overcome the
negative effects of gravity on the paretic arm and to help with shoulder subluxation; in the meantime,
the VR can simulate three different environments: an empty room, a real room with some general
shapes, and a detailed room with several objects. The Guide (ARM) robot is one of the upper-limb
robotic rehabilitation devices and it was designed by Reinkensmeyer, Dewald and Rymer [5, 6]. The
Guide (ARM) was utilized to assess multi-joint coordination and the workspace deficits of a paretic
arm in a quantitative manner. The ARM Guide was attached to the user’s forearm with a custom splint
and guides the arm on a linear path, and range of motion and constraint force components were
simultaneously measured. Furthermore, there are some research papers currently focusing on high-
DOF robot in rehabilitation activities. For examples, Therapy Wilmington Robotic Exoskeleton (T-
WREX) robot which has five degrees of freedom and it was proposed by Housman and Reinknsmeyer
[12]. The robot was initially designed to support a weak human arm in intensive movement training by
reducing the effects of gravity. The T-WREX uses rubber bands to provide various levels of arm
support and has position sensors at each joint, which can measure arm movement. It is able to be used
in conjunction with a computer to allow the user to interact in a VR environment and play games. A
six-DOF arm robot, named REHAROB, was used in upper-limb rehabilitation. This robot can perform
passive physiotherapy at a constant velocity, and it was trained by therapists [7].

However, there is currently no research having studied on and developed an omni-directional
mobile robot used in upper-limb stroke rehabilitation which actively help patients through exercise-
based activities. Consequently, this paper highlights on the development of a behavioral control
strategy using force/velocity control based on PI algorithm for the autonomous robotic trainer
designed to guide a stroke patient through an upper-limb rehabilitation task. By first understanding the
principle dynamics and control behavior, two sets of experiments have been conducted. PI velocity
control algorithm was firstly designed and optimized to ensure the effective robot movements;
secondly, the PI external force control was also experimentally tuned to provide successful and safe
stroke rehabilitation tasks. The challenge is further complicated by the dynamic nature of the human-
robot environment, which by its nature necessitates very careful design of the control strategy and its
implementation in order to protect the human operator from the risk of harm or injury by the robot.
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2. The designed robotic

This section introduces the conceptual design of the assistive robotic system as schematically
illustrated in Figure 1. The system involves a four-wheel omni-directional mobile robot which
coordinates with a set of physical sensors and their feedback signals have been processed by an
Arduino controller in real-time. An ATI Gamma multi-axis force/torque sensor was used to measure
the interactive force between the human and robot, whereas optical linear encoders were mounted to
the motor actuators. The force sensor system consists of an ATI F/T Gamma sensor, an electrically
shielded and twisted transducer cable and a stand-alone ATI controller in which optional analogue,
parallel and serial outputs have been already provided. The ranges of force/torque measurements are
up to =130 N with 0.1 N resolution and +£10 Nm with 0.0025 Nm resolution, respectively. A faulhaber
12V-DC motor with an encoder which is any of a class of rotary electrical machines that converts
direct current electrical energy into mechanical energy was utilized. The motors with 64:1 planetary
gearbox and 120RPM with 12CPR Encoder were used for an autonomous robotic platform. A detailed
description of Arduino Mega 2560 microcontroller is based on the ATmega2560, which has 54 digital
input/output pins (14 of which can be used as PWM outputs), 16 analog inputs, 4 UARTs (hardware
serial ports), a 16-MHz crystal oscillator. According to the mobile robotic platform design, anodized
aluminium was used for the body structures to ensure a durable and robust, yet lightweight
construction, whilst plastic linkages and circuit board carriers ensure lightness yet durability. The
omni-wheels adopted are wheels with small discs around the circumference which are perpendicular to
the turning direction. The effect is that the wheel can be driven with full force, but it can also slide
laterally with great ease.

Four-wheel omni-directional

Arduino
Faulhaber 12V
M Mega2s60 [0 DG Motor
| |
| | -
[ 2 e e 1 :
: <* )va Velocity controll lusB '3
+ Pl Control : =
| AV, ‘v onue S@rlal port -
| = i E R P |
| Force control | V.
| |
| Fd=oN F: | Signal Multi-axis e Fs
: N/ | | processing Force sensor
________ |

Figure 1. Block diagram and four-wheel omni-directional mobile robot.

3. Robot dynamic model

The robotic dynamic model is essential for describing a mobile robot’s position, orientation and
motions of the wheels and for analyzing and synthesizing the overall dynamic behavior of the robot.
The omni-wheels robot has three degrees of freedom on the x-y plane and can perform forward-
reverse movement and left-right movements. The movement in all three directions is due to the sum of
and the four wheels. The kinematic equations and relations between robot velocity and various
geometry specifications are expressed as the following. Oliveira and Hashemi [8, 13] have suggested
that there are two coordinate frames used in the model consisting of the global frame (x, y) which
represents the environment of the robot as depicted in Figure 2. The robot’s location and orientation in
this global frame can be represented as (x, y, 0). The global velocity of the robot can be written as
(%,,0) and define a local frame [x,, y, ] that is attached to the robot itself.
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B

Figure 2. Global and Robot coordinates.

Tranformation matrices from linear velocity on the global frame to linear on the robot frame can be
expressed as the following equation:

x cos® sin® 0][%r
Y| =|-sinf cos6 Of|¥r )
0 0 0o 1llg

The relationship between the translational velocity of wheel v; and the global velocity of the robot in
the environment (%, y,8) is presented. The translation of velocity of wheel can be divided into a two
parts which are translation and rotation.

Vi = Vtrans,i + Vrut (2)

!

Ctrans 0 y

—

Figure 3. Translation velocity at wheel 0.

Translation as shown in Figure 3 can map the vector Vy,qp,5,0 Onto the vectors X and y as follows:
Veranso = — sin(@) x + cos(0)y. 3)

The vector for all wheels takes into consideration that the vector v; are position and offset by 6 + «;
as follows:

Viransi = —sin(@ + a;) x + cos(8 + a;)y, 4)

where a; = starting point and count degrees in the clockwise direction as positive, @y = 0°, aqy =90°,
a, = 180° and a3=270°.
Once the mobile robot has a pure rotation, it gives:
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Vot = RO, ()
where R is distance between wheel and center robot (R = 0.155 m).
Substituting the equations (4) and (5) into the equation (2) gives:
V; = —sin(@ + a;) X + cos(8 + a;)y + R6. (6)
The translation velocity of the hub is related to the angular velocity ¢, of the wheel as:
vi =7, (7)
where r is wheel radius (»=0.029 m) and i = 0,1,2,3 represents indices of the wheels.
Substituting the equation (7) into the equation (6) gives:
b, = %(— sin(@ + a;) % + cos(6 + a;)y + RO). 8)
Then equation (8) can be transformed to matrix representation (9) as folows:

é1 —sin(6) cos(8)
b, _1|—sin(6 +a;) cos(@+a;) R

¢s|  r|-sin(d@ +az) cos(@+a;) R ©)

bs —sin(f0 + a3) cos(f +a3) R o
Simply converting the global to robot coordinates and substituting equation (1) into the equation (9)
lead to:
b, —sin(0) cos(d) R _
$2| _1|-sin(6+a;) cos(@+a;) R 60569 sz 8 AF o
$s|  7|-sin(@ +az) cos(6+az) R SRR o i i (10)
bs —sin(@ + a3) cos(@+a3) R 9
Therefore, the local frame matrix relation can be expressed the following equation:
¢4 0.00 3448 535]
$2| _|-3448 000 535| I (11
o 0.00 —34.48 535|' ][
34.48 0.00 5.35

s
where ¢y, P,, b3, ¢, are angular velocities of the wheels and x,., y,, 6 are velocities of the robot in
local frame.

4. Fundamental of Force/Velocity Control

This section explains robot force/velocity control algorithms, which are a fundamental requirement in
the achievement of the robot’s real-time control. External force control involves any contact force
between the mobile robot and its environment. In the meantime the robot velocity control algorithm
has perform satisfactorily stable performance for every robot movement. The key performance issue in
design of a robotic force/velocity control system is that of stability and reliability that means the robot
has to perform in a stable and reliable manner while operating and contacting with various unknown
stiffness environments and moving along the constrained path. Using external force/velocity control
(see Figure 4.) developed by De Schutter and Van Brussel [9] is considered to offer a better solution
regarding the safety constraints, simplicity and implementation efficiency. The most crucial aspect in
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this control method is to achicve a suitable compromise between the system response and stability,
where the response time was required to be as short as possible.

Encoders

Predefined robot
Vs Start velocity

Vy V, ’ P
) Ve »{ Velocity control :

Fs

Programmable
Trajectory planner

Signal Multi-axis
processing Force sensor

Figure 4. External force/velocity control [9].

Proportional plus integral (PI) control is most widely utilized in industrial process control
applications because it is relatively easy to implement and no other type of control can match its
simplicity and clear functionality, such as motor speed or position control as suggested by De Schutter
and Van Brussel [9]. The PI (proportional plus integral) force control algorithms were successfully
implemented with discrete sampling periods. The discrete form of the proportional integral equation is
needed to approximate the integral of the error and because this technique facilitates an increase in the
accuracy and stability of control system. Therefore, it was decided to apply simple proportional plus
integral robot force control in this project.

An incremental discrete-time PI control algorithm [10] with sampling time period t and the discrete
time interval & can be calculated by applying the equations (12) and (13) and it gives:

U(k) = kpe(k) + k; X¥_ge(). (12)
The incremental PI control value represented by Au(k) can be calculated as:
Au(k) = kpe(k) + k; Ef:o e(j) — kpe(k — 1)+ k; Zf;ole(i) (13)
Au(k) = kple(k) — e(k — 1)] + kje(k) (14)
e(k) = fa— fs (15)

where u(k) is the PI control output; k,, is proportional gain; k; is integral gain; f; is desired force,
which is initially defined as 0, and f; is the actual force (measured by the ATI force control)

A block diagram of external force/velocity control based on the PI control is subsequently shown in
Figure 5 where e is the error defined as the difference in magnitude between the desired (fy) and
actual (f;) forces, while d,, is the change in error (e). The PI control output can be determined as the
incremental displacement (AU} ) modified by the previous computed value of (AU_1), which is scaled
before being transferred to the robot.
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Velocity
Control

Multi-axis
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Figure 5. Diagram of the force control strategy based on PI control.

In the same way, the output of the PI velocity control implemented was assumed to be the
incremental position Au(k), where increment PI velocity control algorithm can be calculated by
applying the equation as shown below.

The incremental robot PI velocity control is defined by

u(k) =ulk — 1) + kyle(k) — e(k — D] + k;e(k) (16)
e(k) =Vy—V; (17)

The input e of PI control was generated as the difference in magnitude between the desired (V)
and actual (V;) velocities, and the input de is the change in error (e) where V; is desired velocity, and
Vs 1s the actual velocity (measured by the encoder sensor), respectively.

5. External Implementation

In order to improve the stability and performance of the autonomous robotic trainer designed to guide
a stroke patient through an upper-limb rehabilitation task, the proportional integral (PI) force/velocity
control technique has been clearly addressed in the last section. However, one of the most principal
challenges in the control development is to design a set of appropriate PI gains to achieve an effective
system response. Various techniques for Pl gain tuning have been developed, such as the Ziegler-
Nichols, Cohen-Coon, Chien-Hrones-Reswick or manual (trial and error) techniques. In this paper,
Ziegler-Nichols tuning method was adopted to establish appropriate PI gains for the robot’s velocity
control algorithm. However, as complicated robot force control while the robot interacts with the
human environment, a trial-and-error tuning method based on a circular tracking experiment was used
in the robot’s external force control.

a. Experiment 1: Gain tuning of the Pl velocity control

Ziegler-Nichols method was applied to simplify the determination of PI velocity control’s gain
parameters to meet the desired performance specifications, in which the system overshoot response is
kept to minimum but at the same time the response should be as fast as possible. However, in this
paper this tuning technique still needs operator’s experience for a fine tuning until the system
specification being completely achieved. As the systematic approach based on the method of Ziegler
and Nichols rules was applied to simplify PI gains, its performance was analyzed based on the root
mean square error (£E_RMS) of the velocity. It can be said that the performance of the system response
can be evaluated in terms of variation in the radial forces, in which the lower the variation in radial
forces, the better the performance of the system. The equation used to calculate the magnitude of error
deviations of £ _RMS is expressed as:
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n —
E RMS = |EzaX? (18)

n

where # is the number of evaluated values, X, is desired value, and X is the actual value (measured
by the encoder sensor).

Properly tuning the gain parameters for the PI velocity control algorithm can be a challenge
because, if the time constants in the process are large, the time to do the optimization can be
excessively long. This following process presents how the appropriate gain tuning was achieved.
Firstly, the autonomous rehabilitation robot was pulled by constant forces using a mass of 5N
(simulating a human pulling force). The integral term (K;) was turned off and only the proportional
gain (K,) was initially set to zero. The K;, component subsequently increased slowly while the robot
velocity was simultaneously measured and monitored until it can be noted that the velocity profile
exhibited sustained oscillations. At this point, the experiment finalizes the critical gain, and the K, T;,
unknown parameters were calculated. Thus, using Ziegler and Nichols technique gave the proportional
gain (K}) of 0.45 and integral gain (K;) of 0.10. Nevertheless, as mentioned earlier, to adopt the set of
proper PI gains this method still needs operator’s experience for a fine tuning. A set of the experiments
were undertaken to examine the relationship between the adjusted proportional gain and root mean
square error (£ _RMS) of the velocity where V; is desired velocity, and V; is the actual velocity. The
test results are illustrated in Table 1.

5.1.1. Experimental results: Kp gain fine tuning (robot velocity control algorithm)

Table 1. The results of preliminary tests to evaluate the gain K,

K, Gain Erus of velocity [RPM]
0.25 14.07
0.35 8.17
0.45 4.86
0.55 5.44
0.65 5.93
0.75 8.13
0.85 9.61

After using Ziegler-Nichols technique to roughly estimate the proportional and integral gains, the
operator’s experience was needed for a fine tuning to delivery an optimized control system. A set of
the experiments was proposed and undertaken to examine the relationship between the adjusted
proportional gain and root mean square error (E_RMS) of the velocity where V, is desired velocity,
and V is the actual velocity. The gain tuning for the proportional velocity control was successfully
implemented. Based on the results of the experiments, it can be concluded that the best performance as
specified by the lowest £ RMS of the velocity is observed with the proportional K,, = 0.45, in which
this value was subsequently employed in the robot velocity control in order to finalize the appropriate
integral gain K;.
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5.1.2. Experimental results: K; gain fine tuning (robot velocity control algorithm)

Table 2. The results of preliminary tests to evaluate the gain K;

K; Gain Erus of velocity [RPM]
0.09 6.49
0.10 6.20
0.11 4.86
0.12 5.38
0.13 5.63

In the same way, Table 2 shows the results of preliminary tests to evaluate the gain K; presented in
the performance results of the tests in which the range of the integral gain (K;) were between 0.09 and
0.13. The system performance can be also identified based on the £ RMS of velocity as in the
previous case. The best performance of this test is represented by minimum £ RMS of velocity, and
was achieved at a gain K; of 0.11.

5.2. Experiment 2: Gain tuning of the Pl force control

As suggested by De Schutter and Van Brussel [9], proportional integral (PI) control is appropriate for
robot force/position control in order to provide the smallest possible force control error. The journal of
Nerano and Bicker [10] also stated that according to the Ziegler-Nichols method, K,,,T;, and the
critical gain can be calculated once the K, component is slowly increased until the robot motion
profile exhibited sustained oscillations; however, at this point if the robot system has very high
unstable oscillation, this could damage the robot. Therefore, the proper gains of PI external force
control were experimentally tuned using the trial-and-error method based on a set of circular tracking
experiments which allow a human participant to move the robot along the constrained circular path
whilst attempting to minimize the radial force. The designed circle was drawn on a green template
mounted on the fixed platform where the circular tracking test in an X-Y plane required the operator to
track a circle radius selected of approximately 25 cm. The robot was positioned such that its pointer
was at the home position as shown in Figure 6. The performance was analyzed based on the root mean
square error (£ RMS) of the radial forces, in which the lower the variation in radial forces, the better
the performance of the PI control system.

Ten participants were adopted and required to perform a set of tests in order to become familiar the
test rig before completing five repetitions of the substantive experiments. Prior to running the real-
time circular tracking test, the human was requested to sit down in comfortable position in front of the
test rig and naturally grasp the supporter provided using only one hand. When the timer trigger is
activated, the human participant is asked to start moving the robot from the home positions towards
the constrained circular path. In the meantime, the robot position and velocity components are
simultaneously detected and monitored in real time. The human operator is then required to
continually track the constrained circular path in a clockwise direction until the test is totally
completed when a full revolution has been achieved and the timer is stopped.
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Figure 6. experimental set-up.
5.2.1. Experimental results: K, gain tuning (robot force control algorithm)

As a trial-and-error tuning based on a circular tracking experiments was adopted. Firstly, the integral
term (K;) was initially turned off and only the proportional gain (K,) ranging between 0.2 — 0.8 with
0.1 resolution was set. Choosing the optimum empirical control gains is a cautious exercise if a high
proportional gain is preferable as its implementation will increase the transparency of the operation;
nevertheless, the gain can only be increased to a certain upper limit; if the gain is set too large the
system becomes unstable which could easily damage the mobile robot. The following table and figures
demonstrate a representative of results of the relationship between the proportional gain and the root
mean square error (E_RMS) of the radial force applied to the robot.

Table 3. The results of preliminary tests to evaluate the gain K,

K, Gain Erus of force [N]
0.2 4.33
0.3 1.71
0.4 1.92
0.5 1.45
0.6 1.39
0.7 0.96
0.8 0.98
0.9 1.29

Preprint of TSME-ICoME 2017 Proceedings 666



163

K,=02 K,=03 K,=04
B - s ‘,;,./:'/- ”ﬂ-.r\_\‘. ",{'.. e %
' g :.’/ L X : 'ﬂ'/ \\
| ) { ) \ ]
\ /
i Vi g o \ o
R et X““k—____,f“ e ST
K,=05 K,=06 K,=07
T g ..L\ y VB_.;"-’“‘ -_‘\ /}_‘,__1_4 “ay
£ \ i \ £ %
{ \ ,
i : i | ( \
\ ; B / /
N V' W n"'.-\
= “—1_,_/“ '\'\‘1?.—;7_,./ - \ //
K,=08 K, =09

Figure 7. Circular tracking tests to evaluate the gain K,,.

Figure 7 presents the examples of the performance results with the different values of proportional
gain K, ranging between 0.2 and 0.9 in which the system performance can be identified based on the
E_RMS of force. The highest performance of this test is represented by the minimum E_RMS of the
radial force and was achicved at a gain K, of 0.7, where the minimum E_RMS value is 0.96 N.
Additionally, as expected the tangential force applied to the robot decreases when the gain K,
increases, and is approximately inversely proportional to the K, gain value. Hence, the optimized
proportional gain proposed was then utilized in K; gain tuning of the robot force control algorithm
expressed in the following section.

5.2.2. Experimental results: K; gain tuning (robot force control algorithm)
To optimize the integral gain (K;), the gain K, was initially sct at 0.7, and then tuning of the integral
gain is marked by increasing K; until the best performance indicating by the minimum £ RMS of the

radial force is achieved. The same procedure for the first circular tracking test developed for
evaluating the performance of the gain K;, was used. The same group of the participants was employed
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to perform the assigned tests in which a range of integral gains varying from 0.25 to 1.25 with 0.25
resolution.

Table 4. The results of preliminary tests to evaluate the gain K;

K; Gain Erys of force [N]
0.25 2.44
0.50 1.26
0.75 0.91
1.00 1.03
1.25 1.27

Table 4 presents the performance results of test different values of integral gain K; ranging
between 0.25 and 1.25. The system performance can be identified based on the £ RMS of force. The
best performance of this test is represented by minimum E_RMS of force, and was achieved at a gain
K; ot 0.75.

The performance of the circular tracking test for ditferent values of integral gain (Kj;) is illustrated
above. It can be noted that the best performance of the K; tuning test is 0.75, in which the lowest
E RMS value is 0.9. To sum up, based on a set of experiments which allow a human participant to
move the robot along the constrained circular path whilst attempting to minimize the radial force, the
performance was analyzed based on the root mean square error (£ RMS) of the radial forces, in which
the lower the variation in radial forces, the better the performance of the system. The outstanding
performance results to optimized proportional (K,) and integral (K;) gains are observed with 0.7 and
0.75, respectively.

6.Conclusion

This paper has presented a new development of the force/velocity control for an autonomous
rehabilitation robot system. This new robotic system has its emphasis on real-time control,
programmability and repeatability in which the robot provides as advantages for guiding a stroke
patient through an upper-limb rehabilitation. A well tuned proportional plus integral (PI) control was
successful developed and it allows the robot to meet the desired response and satisfactorily stable
performance. Based on the experimental results, it was confirmed that the best performance of the
robotic force/velocity control as specified by the £ RMS of radial force has been observed with
proportional and integral gains of the velocity control equal to 0.45 and 0.11, respectively. And
proportional and integral gains of force control are 0.7 and 0.75, respectively. Therefore the
development of an autonomous robotic trainer designed to guide a stroke patient through an upper-
limb rehabilitation task has been carried out successfully.
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Abstract. Stroke is the primary of death and the leading cause of permanent disability in adults.
There are many stroke survivors, who live with a variety of levels of disability and always need
rehabilitation activities of daily living. Several studies have reported that usage of rehabilitation
robotic devices shows the better improvement outcomes in upper-limb stroke patients than the
conventional therapy - therapists actively help patients with exercise-based rehabilitation. Much
of the relevant rehabilitation robot research has been extensively reviewed. However, most of
existing robotic devices for upper limb are bulky and heavy that might be very difficult to move.
This research therefore proposed a newly designed smart portable robot for upper-limb
rehabilitation in which a mobile robot has been implemented as a main component of the robot.
To meet the requirements of rehabilitation training for the patients, the robot has two modes,
active and passive modes according to different patients or trainings respectively, namely,
training in a state of initiative and training of trajectory tracking. The designed robotic system is
made up of a four-wheel omni-directional mobile robot driving DC motor, an ATT Gamma multi-
axis force/torque sensor used to measure contact force and a microcontroller real-time operating
system. The robotic external force/velocity control based on the Pl control algorithm was
adopted to control the overall performance and stability. Additionally, MYO armband which
contains eight Electromyography (EMG) sensors was used to capture the EMG signal of the
human arm muscles for further medical investigation. A user-friendly interface is not overly
complex, but instead is straightforward, providing quick access to data monitoring. The
experimental results show that the new design of smart portable rehabilitation robot for upper
limb can be used in the rehabilitation therapy and has been gaining traction in the rehabilitation
field as technology advances. Tt can be also used to supplement or facilitate rehabilitation by
assisting in the repetitively active and passive therapy.

1. Introduction

The External Force/Velocity Control for an Autonomous Rehabilitation Robot talking about stroke is a
state describing the lack of blood in the brain which occurs form having ischemic stroke, arterial
occlusive diseases, or Intracranial hemorrhage. This causes tissue of the brain to die, and its function to
instantly stop. The body subsequently will be paralyzed, weak, and immobilized which results in the
disability. Stroke and its effects are considered the major problem and cause of people’s death
throughout the world. According to the World Safety Organization (WSO)’s record, it postulates that at
least one person dies in every 6 seconds, and it is the third major reason of death and disability of the
world [1]. Therefore, many research papers have studied a new approach to the restoration of the original
condition of patients with stroke based on the repeated movement to stimulate the muscles with an
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assistive robot. The robot is able to perform the task repeatedly, and efficiently with consistent control
[2,3]. This research therefore proposed a newly designed smart portable robot for upper-limb
rehabilitation. To meet the requirements of rehabilitation training for the patients, the robot has two
modes, active and passive modes according to different patients or training respectively, namely,
training in a state of initiative and training of trajectory tracking. The designed robotic system is made
up of a four-wheel omni-directional mobile robot, Arduino controller, An ATI Gamma multi-axis
force/torque sensor and Faulhaber 12V-DC motor with an encoder with 64:1 planetary gearbox and
120RPM with 12CPR Encoder. The MYO enables the user to control technology wirelessly using
various hand motions. It uses a set of eight Electromyography (EMG) sensors that sense electrical
activity in the forearm muscles. A user-friendly interface is not overly complex but instead is
straightforward, providing quick access to data monitoring [4].

2. Muscle rehabilitation therapy

Most patients with stroke will lose control of the arm. Hence, they need rehabilitation or exercise to
improve their muscle strength. The muscle groups required in rehabilitation are triceps and infraspinatus
muscles shown in Figure 1. the rehabilitation of the triceps muscles the patients can be stretch and
contraction shows the contraction of muscles was decreased. However, the rehabilitation of
infraspinatus muscle the patients can extend the arms out of the body [5].

3. A new design of a portable rehabilitation robot for upper limb

This section introduces the conceptual design of the robot system as schematically illustrated in Figure
2 and Figure 3 shows an overview of the design of Smart Portable Rehabilitation Robot. The system
involves a four-wheel omni-directional mobile robot which coordinates with a set of physical sensors
and their feedback signals have been processed by an Arduino controller in real-time. An ATI Gamma
multi-axis force / torque sensor was used to measure the interactive force between the human and robot,
whereas optical linear encoders have been mounted to the motor actuators. The force sensor system
consists of an ATI F/T Gamma sensor, an electrically shielded and twisted transducer cable and a stand-
alone ATI controller in which optional analogue, parallel and serial outputs have been already provided.
The ranges of force/torque measurements are up to =130 N with 0.1 N resolution and £10 Nm with
0.0025 Nm resolution, respectively. A Faulhaber 12V-DC motor with an encoder which is any of a class
of rotary electrical machines that converts direct current electrical energy into mechanical energy was
utilized. The motors with 64:1 planetary gearbox and 120RPM with 12CPR Encoder were used for an
autonomous robotic platform. A detailed description of Arduino Mega 2560 microcontroller is based on
the ATmega2560, which has 54 digital input/output pins (of which 14 can be used as PWM outputs), 16
analog inputs, 4 UARTSs (hardware serial ports), a 16 MHz crystal oscillator. According to the mobile
robotic platform design, anodized aluminium was used for the body structures to ensure a durable and
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robust, yet lightweight construction, whilst plastic linkages and circuit board carriers ensure lightness
yet durability. The omni-wheels adopted are wheels with small discs around the circumference which
are perpendicular to the turning direction. The effect is that the wheel can be driven with full force, but
it can also slide laterally with great ease. The PT external force control was applied to the robotic system,
whose optimize K, and K; gains were detailed in the research, namely External force/velocity control
for an autonomous rehabilitation robot [6].
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4. MYO armband

The MYO armband is a device developed by the company Thalmic Labs which can be worn on the arm
to interact with the systems [7]. The MYO is equipped with several sensors that can recognize hand
gestures and the movement of the arms. It is characterized by using a process called electromyography
(EMG). Based on the electrical impulses generated by muscles, 8 EMG sensors are responsible to
recognize and perform each gesture. In addition to the EMG sensors, the MYO also has a nine-axis
inertial measurement unit (IMU), which enables the detection of arm movement. IMU contains a three-
axis gyroscope, a three-axis accelerometer and a three-axis magnetometer. For the connection, the
gadget used Bluetooth low energy technology, which allows a reasonable way to perform tasks. One
must make sure, the Bluetooth adapter is plugged in and have a look at the Bluetooth signal (and its
strength), get a reading from each of the eight EMG sensor pods in the armband, check out the motion
control of the IMU, test your gesture recognition, play with haptic feedback in Figure 4 [8,9].

EMG Sensor

Micro-USB port
Status LED

-
Logo LED

Micro USB  Bluetooth
Cable Adapter

Flex adjustment
band

Figure 4. MYO armband

5. Experiments

This experiments involving a collaboration between the autonomous robotic trainer and humans in the
exercise-based rehabilitation can be divided into three main experiments consisting of hand
flexion/extension, shoulder flexion/extension and elbow flexion/extension. During executing the task,
human’s EMG signals was captured and monitored. The test requires a human participant to sit down
comfortably in front of the test rig and the subject has to move the robot on the XY plane as shown in
Figure 5. The performance of the human’s arm strength can be calculated using the following equation
[10].

EMGrate = 3 Xi1Eq] x 100% (1)

where, EM G4 is the proportion of each

channel from 8 channel.

N is denoted the sampling
time of EMG raw data.

n is the channel of MYO
from 1 to 8.

E, is an 8-bit integer data that
is an EMG signal from the
channel of MYO.

Figure 5. Experimental set-up.
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5.1 Experiment 1: Hand flexion and extension

The experiment setup is shown in Figure 5, in which the participants has to manipulate the robot from
point A to point B vertically and vice versa as shown in Figure 6. This exercise-based rehabilitation
allows spontaneous hand extension and flexion. Ten participants were adopted and required to perform
a set of tests in order to become familiar with the rig test before completing the substantive experiments.
Prior to running the real-time executing, the human was requested to sit down in the comfortable position
in front of the test rig and naturally grasp the supporter provided using only one hand. The resistances
against the robot motion can be strategically varied by multiplying the PT robotic control gain with a set
of constant values in range of 0.25 — 1.00 with 0.25 resolution. The level of resistance can be determined
as follows: level 1 is very easy (1.00), level 2 is quite easy (0.75), level 3 is quite difficult (0.50) and
level 4 is difficult (0.25). So requires more force to move the robot. Additionally, the MYO armband
was used to record the EMG signals from the human, and the test results can be shown in Tables 1-2
and Figures 7-8.

/
i

a) Extension

b) Flexion

Figure 6. experimental set-up.
5.1. Experimental results: Hand flexion and extension

Table 1 The results of hand flexion (moving from point B to point A)

Level 1 2 3 4

channel EMG,qte SD EMG,qte SD EMG, e SD EMG, 4 SD
1 3.51 0.12 3.71 0.74 472 1.93 6.61 1.22
2 1.86 0.28 235 0.61 2.71 0.64 3.89 0.57
3 1.04 0.02 1.01 0.05 1.08 0.06 1.20 0.05
4 1.06 0.01 1.26 0.25 1.17 0.03 1.12 0.07
5 1.19 0.13 1.13 0.23 1.05 0.05 1.14 0.06
6 1.93 023 2.50 0.28 2.68 0.65 3.02 0.77
7 5.48 0.19 6.87 1.06 6.44 2.10 7.80 1.21
8 3.19 0.38 4.42 0.91 4.50 0.94 5:59 1.20
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Table 2 The results of hand extension (moving from point A to point B)

Level 1 2 3 4

channel EMG 4te SD EMG,qate SD EMGqte SD EMG,q4te SD
1 10.46 0.11 10.73 0.80 11.70 1.53 11.98 1.09
2 5.10 0.42 5.11 1.52 5.12 1.47 5.15 0.40
3 1.24 0.16 1.27 0.14 1.38 0.14 1.56 0.16
4 1.20 0.18 1.24 0.11 1..32 0.17 1.35 0.14
5 1531 0.12 1.04 0.03 1.17 0.05 1.25 0.05
6 1.47 0.33 1.74 0.24 2.26 1.05 291 0.62
7 2.32 0.34 2.62 0.41 3.29 1.25 3.80 0.67
8 5.62 0.46 6.64 2.02 791 2.43 8.86 1.12
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Figure 7 The results of hand flexion Figure 8 The results of hand extension

According to the results of hand flexion and extension, Triceps muscle, which was measured by EMG
sensor channels 1, 2, 7 and 8, was intensively stimulated, indicating that this muscle will build strength.
Unlike Biceps muscle strength, this was slightly gained. However, careful observation suggests that in
particular hand extension provides higher EMG rate than that of had flexion. Furthermore, as expected
the more motion resistance added to the system, the more magnitude of force applied.

5.2 Experiment 2: Shoulder flexion and extension

This experiment highlights on shoulder flexion and extension and the experimental setup can be
illustrated in Figure 9. Again, the same group of the participants were adopted to perform a set of tests.
The subjects, whom are required to sit down in the comfortable position in front of the test rig, have to
be familiar with the rig test before completing the main experiments. Once the timer trigger is activated,
the participant has to naturally grasp the supporter provided using only one hand and starts moving the
robot from point A to point B (approximately 90°) and vice versa. During executing the test, the elbow
has to be straight and moving only the shoulder is allowed. Likewise the first experiment, The level of
resistance can be determined as follows: level 1 is very easy, level 2 is quite easy, level 3 is quite difficult
and level 4 is difficult, and the EMG signals of the human’s hand can be measured using the MYO
armband and the experimental results be expressed in Tables 3-4 and Figures 10-11 respectively.
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Table 3 The results of shoulder flexion (moving from point A to point B)
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Level 1 2 3 4
channel EMG, e SD EMG g0 SD EMG, e SD EMG, 4 SD
1 3.20 0.24 395 0.29 4.80 0.74 7.22 1.45
2 3.10 0.31 2.92 0.66 5.80 0.68 7.01 0.99
3 423 1.70 4.35 1.20 8.83 1.34 10.53 1.40
4 9.99 1.23 11.05 0.99 12.50 0.97 15.53 0.15
5 7.01 0.57 8.52 4.40 10.83 0.95 14.73 0.48
6 2.50 0.40 2.86 0.95 5:23 0.15 8.12 0.85
7 223 0.45 2.62 0.67 3.5 0.22 5.20 0.55
8 2.89 0.34 2.90 0.49 4.35 0.19 6.20 0.95
Table s The results of shoulder extension (moving from point B to point A)
Level 1 2 3 4
channel EMG,,, SD EMG,,, SD EMG,,, SD EMG,u, SD
1 15.52 3.64 16.93 1.09 18.45 3.16 18.81 113
2 6.70 1.61 6.81 0.36 7.96 1.15 11.01 041
3 2.24 0.32 2.19 0.31 2.13 0.21 248 0.14
4 1.95 1.53 2.64 0.83 2.79 0.22 2.67 0.65
5 2.00 0.52 2.14 0.16 2.19 0.24 292 0.03
6 6.26 1.76 8.04 0.62 9.24 2.52 10.18 0.74
7 8.16 2.80 11.19 2.22 11.69 1.92 12.58 1.60
8 13.36 3.62 15.52 0.89 16.46 3.22 18.79 0.94

[ 1 2 3

4 5
Channel of EMG

6

7 8 9

Figure 10 The results of shoulder flexion
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Figure 11 The results of shoulder extension
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Figures 10 and 11 demonstrate that exercise-based rehabilitation of shoulder flexion and extension
effectively stimulates both Triceps and Biceps muscles. Shoulder flexion actively affects to the Biceps
muscle movement as seen in the EMG sensor channels 3, 4, 5 and 6; whereas, shoulder extension highly
provides active Triceps muscle workout. Likewise the first experiment, if we increase the resistance in
the system, the participant has to take more force to the robot, indicating by EMG,4¢e-

5.3 Experiment 3: Elbow flexion and extension

This experiment involves exercise-based rehabilitation for shoulder flexion and extension. The
experimental setup is depicted in Figure 12. In this test, the participant is required to manipulate the
rehabilitation robot from point A to point B and vice versa. The elbow flexion and extension
(approximately 90° ) are only allowed. Likewise the experiments above, The level of resistance can be
determined as follows: level 1 is very easy, level 2 is quite easy, level 3 is quite difficult and level 4 is
difficult and the EMG signals of the human’s hand are measured using the MYO armband and the
experimental results be expressed in Tables 5-6 and Figures 13-14 respectively.

Figure 12. experimental set-up.

5.3. Experimental results: Elbow flexion and extension

Table s The results of elbow flexion (moving from point A to point B)

Level 1 2 3 4

channel EMG,gte SD EMG qte SD EMG,ate SD EMG, e SD
1 2.64 0.34 2.67 0.34 2.87 0.47 322 0.11
2 2:22 0.27 2.34 0.30 2.60 0.34 2.84 0.10
3 371 0.75 4.06 0.13 4.86 0.36 5.80 1.07
4 8.11 1.23 8.74 0.98 11.07 1.71 12.93 0.23
5 6.94 0.26 7.88 0.59 8.73 1.07 10.16 0.58
6 1.78 0.14 2.11 0.46 2.54 0.47 3.61 0.15
7 1.76 0.08 1.82 0.35 2.02 0.29 2.55 0.39
8 1.99 0.15 2.01 0.29 2.23 0.33 2.81 0.31
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Table ¢ The results of elbow extension (moving from point B to point A)

Level 1 2 3 4

channel EMG,qte SD EMG, qte SD EMG,qte SD EMG,qe SD
1 12.17 0.75 12.89 0.64 13.56 1.05 15.28 0.30
2 8.70 0.70 8.87 0.37 9.04 1.07 9.96 0.10
3 1.76 0.08 1.73 0.13 1.94 0.05 2.59 0.94
4 1.85 0.08 1.82 0.28 2.64 0.39 340 0.18
5 1.48 0.04 1.50 0.16 1.80 0.17 1.91 0.37
6 2.68 0.17 2.971 0.39 3.59 0.16 4.09 0.15
7 3.75 0.25 3.69 0.49 4.48 0.05 5.56 0.34
8 5.82 0.52 6.17 0.69 6.97 0.34 7.21 0.38

te {
e

EMGr:
EMG

il u-:-ifiﬂl:lﬂr]g

4 5 4 5
Channel of EMG Chamnel of EMG

Figure 13 The results of elbow flexion Figure 14 The results of elbow extension

The findings of elbow flexion and extension as shown in Figures 13 and 14 are slightly similar to the
results of shoulder flexion and extension. However, elbow exercise-based rehabilitation provides lower
active muscle strength rather than shoulder workout. Elbow flexion greatly improve Biceps muscle
strength and elbow extension gains Triceps muscle strength. Again, the higher the resistance, the more
applied force required in the system.

6. Conclusion

This research has proposed a newly designed smart portable robot for upper-limb rehabilitation by using
a four-wheel omni-directional mobile as a robot platform. Proportional plus Integral force/velocity
control was used to control the overall performance and stability of the autonomous assistive robot (as
detailed in [1]). After testing the robot, it can be found that the robot assisted therapy can be effectively
used for motor recovery for the patient’s hand. The experimental results also show that the new design
of smart portable rehabilitation robot for upper limb can be used to supplement or facilitate rehabilitation
by assisting in the repetitively active and passive therapy. This has been gaining traction in the
rehabilitation field as technology advances. To evaluate the feasibility and efficacy of robot-assisted
hand rehabilitation in improving arm function abilities, the exercise-based rehabilitation experiments
for hand flexion/extension, shoulder flexion/extension and elbow flexion/extension have been carried
out to investigate the muscle strength of the human’s hand by analysing its EMG signals (measured by
the MYO arm band). The EMG signals can be subsequently used for further investigation by a doctor.
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